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ABSTRACT
The roles of tin in two silicate based glass systems have been investigated by
NMR and Môssbauer spectroscopies and by physical property measurements of the
glasses.
The first glass system investigated was the stannous silicate (binary SnO-Si02)
glass. Glasses with SnO contents ranging from 17 to 72 mol.% have been made by
melting pelleted powder in an alumina crucible. It was found that alumina crucibles are
unsuitable for making glass with <20 mol.% SnO because of attack on the crucible at the
high melting temperature (_>_1600°C). Silica crucibles will not withstand such high
temperature and tin will attack a platinum crucible. The ability of this system to form glass
past the orthosilicate composition has been discussed in terms of the polarizing power of
Sn2+ and the structure of SnO. The 119 Sn NMR results did not give much structural
information due to the high chemical shift anisotropy of Sn 2+ site but they showed that
the glass also contains trace amounts of Sn4+species. The 29Si MAS NMR results
showed that SnO does not depolymerise the silicate network to the same extent as Na20
or even Pb0. Computer simulations of the 29 Si MAS NMR spectra showed that, for SnO
<-30 mol.%, the disposition of Qn species is consistent with the binary model, which
means that SnO is acting the role of modifier. For compositions > 30 mol.% SnO, the Qn
distribution follows the statistical model and this has been interpreted as SnO now acting
as an intermediate. The 119Sn MOssbauer results confirmed this interpretation. The Sn2+
isomer shift decreases with increase of SnO which is indicative of increasing covalent
character of the Sn—O bonds while the larger quadrupole splitting suggests distortion of
the SnO polyhedral structure in the glass. The relation of the Sn 2+ isomer shift to the
quadrupole splitting and the temperature dependence of the isomer shift of Sn2+ indicate
the formation of Si—O—Sn linkages at high SnO contents. The decrease of the viscosity
of the glass with increasing SnO is small when compared to the decrease of the viscosity
in alkali metal and alkaline-earth oxides silicates when the respective modifier oxide is
increased in those glasses. The variation of the density, thermal expansion and refractive
index with SnO content showed discontinuities in the region of 30-45 mol.% SnO. This
has been interpreted as being the point where SnO changes its role from that of modifier
to intermediate.
The results of differential thermal analysis and devitrification of SnO-Si02 glasses
showed that glass with 40 mol.% SnO can be heat treated in the temperature range of
570° to 680 °C to produce metastable SnSiO3 crystals. SnSiO 3
 decomposed to
SnO + Si02 at temperatures above —700°C and, at temperatures greater than 720°C,
oxidation of SnO to Sn02 and Si02(glass) to Si02 (cristobalite) took place.
The second glass system is tin-doped float glass. This is glass of the float
composition remelted with tin(II) oxalate in silica crucibles under normal atmosphere
conditions. In this way it has been demonstrated that we can mimic the tin oxide
distribution found within the tin diffusion region in float glass. Synthesis of the glass has
shown that both Sn2+ and SO+ can be assimilated simultaneously in the glass but there is
a solubility limit for SO +. The 1195n Mbssbauer results showed that Sn2+ and SO+
played different structural roles in the glass. The environment of Sn2+ in glass is similar
to that in amorphous SnO while the SO + structure in glass does not change significantly
compared to crystalline Sn02. The Debye temperatures and recoil free fractions showed
that Sn2+ is less rigidly bound to the network modifier site while SO + is rigidly bound at
network former sites in the glass. The different structural roles of 5n 2+ and SO+
 in the
glass were reflected in the some of the physical properties of the glasses.
Chapter 1 - General
1.1 INTRODUCTION
Tin is not a common constituent of glasses. As tin oxide, it is used extensively
in very small quantities in making gold, copper and selenium ruby glasses [1]. Tin
oxides have also been known to be used as opacifiers and glazes for glasses [2]. Tin is
'metallophilic' ; a term suggested by Weyl [3] for elements that aid in the introduction
of metal bonds into distinctly ionic bonds in glass. Because of this, tin oxide (SnO) is
used to increase the adhesion of metal films to glass surfaces e.g. in making silvered
mirrors and gilding of glass. In the hot end surface coating process to increase the
strength of glass containers, a tin compound is applied by chemical vapour deposition
or spraying on the glass surface. The diffusion of tin ions into the surface of the
containers decreases the size of the damaging Griffith flaws [4] and hence strengthens
the glass. Perhaps the most important use of tin in the glass industry is in the
production of flat and parallel sheet glass by the float glass process, invented in 1959
by Pillcington Brothers Limited [5]. This glass is commercially known as float glass
and is a silicate based glass of basic composition of Na20 + CaO + Si02, referred to
as soda-lime-silica glass. In the float glass process, the molten glass is floated on top of
a bath of molten tin kept at 1050°C. The bottom glass surface is supported only by
molten tin, whereas the top surface is exposed to the slightly reducing atmosphere of a
mixture of hydrogen and nitrogen called forming gas. Gravity allows the glass to flow
out, while its surface tension holds it back to an equilibrium thickness of — 7.1 mm.
Sheet glass of thicknesses from 1.5 to 25 mm can be made by either stretching or
compressing the glass ribbon. While in the float bath, heat is applied to both surfaces
of the ribbon and this 'fire polishing' gives perfectly flat and parallel surfaces. The glass
enters the bath at — 1150°C and with a viscosity of 10 3 Pa s and leaves it at — 650°C.
In this way the bottom of the glass ribbon remains in direct contact with molten tin for
several minutes while being drawn and it is then annealed and cut in the ordinary way.
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In this condition, tin from the float bath diffuses into the float contact surface and to a
lesser extent into the non-contact surface by chemical adsorption of tin vapour. It is
found that the tin contact surface has a high concentration of tin in different oxidation
states to a depth of 5 - 30 iirn [6 - 10]. Therefore the float contact surface has
chemical characteristics different in some respects from those of the bulk glass.
Although this compositional modification does not extend far into the surface, it does
cause the physical and chemical behaviour to differ from that of the bulk glass and the
upper surface. For general uses, such as window glass, this is not critical. However,
for specialized uses such as very thin glass discs used as substrates for optical and
magnetic recording, this will affect the planarity of the disc. in addition, the
stoichiometry of the tin oxide at the surface affects the tendency of the surface quality
to deteriorate (blooming) when the glass is reheated for tempering to produce curved
articles like car windscreens [6]. Past studies on the float glass were confined only to
the examination of the tin profiles [6 - 10] i.e. to quantify the various tin oxidation
states as a function of depth in the glass. There have not been many studies of the
effect of tin concentration on the physical properties of float glass. Minko [11,12]
studied the synthesis of soda-lime-silica glass containing tin of different valencies as a
means of simulating the float contact side of industrial float glass and measuring its
physical and chemical properties. They found that the relative amounts of SO + and
Sn2+
 in the glass depend on the melting conditions and SO + is assimilated in the glass
melt in an amount not exceeding the alkali content of the glass, whereas this is not the
limit for Sn2+. The optical, thermal and chemical properties of the glass also improve
significantly with the presence of tin in various valence states. The variation of these
properties with tin content seems to depend on the relative amount of SO + and Sn2+
in the glass. This shows that SO+ and Sn2+ play different roles in the glass structure.
Structurally, whether these different valence states of tin occupy network-modifying or
network-forming positions in the glass has yet to be examined. There is therefore an
incentive to understand the structural role of tin in soda-lime-silica glass and its effect
on various physical properties.
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From what has been discussed above, tin constitutes only a minor component
in commercially produced glasses but its role is an important one because it can
improve the glasses' mechanical, optical, thermal and chemical properties. However its
effect on glass properties is not well understood because of the lack of studies done on
tin containing glasses. This is because the chemistry of tin in glasses is complicated by
the two different valencies available to it and therefore synthesis and analysis of glass
containing tin poses some problems. The tetravalent ( SO + ) state is the most stable
and, by extrapolation from Si and Ge (higher in Group IVA), it is expected that SO+
would act as an intermediate in silicate glasses. Past studies have shown that the
solubility of Sn02 in silicate and borate glasses is very low [131 For example about
0.2 - 2 wt.% of Sn02 can be dissolved in Si02 (quartz) in making a stannosil glass
[14]. This has a low thermal expansion and transmits long ultraviolet (3000 - 4000A)
but absorbs the harmful short wave ultraviolet (2537A). The divalent state ( Sn 2+ ) is
fairly readily oxidized to the tetravalent but binary glasses with high SnO content can
be formed as silicates, borates and germanates. Silver et at [15] studied the
SnO - Ge02 glass system, and found that glass can form with x> 2 ( SnxGe02+x )
which is beyond the orthogermanate composition. The refractive indices for the glasses
are very high and are of the order of those found for Pb0 - Ge02 glasses and higher
than those found for all other two component oxide glasses [16]. In the SnO - B203
glass system studied by Paul et at [17] glass can form with up to 58 mol% SnO which
is beyond the metaborate composition. The 1195n Mässbauer spectroscopy of these
glasses shows that, for glasses with high SnO content, the non-bridging oxygen ions
are coordinated to Sn2+ ions. In the SnO - Si02 glass system, glass can be formed
beyond the metasilicate composition. The only two important studies carried out on
this system are by Carbo Nover & Williamson [18] and Ishikawa & Akagi [19]. Carbo
Nover et at studied the crystallization and decomposition of glasses ranging in
composition from 27 to 58 mol% SnO. Ishikawa et at studied the structures of glasses
ranging from 32 to 57 mol% SnO by radial distribution studies from x-ray diffraction
data.
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Thus we see that glass can form with a high SnO content in stannous
germanate, stannous borate and stannous silicate systems. But, why can high SnO
content glasses form in these systems? Past studies have not answered this question.
The structural role of tin in these glasses, particularly the stannous silicate glasses has
yet to be studied. By analogy with Pb0( Pb2+ ), we might expect SnO to act in a
rather complex structural manner. In Pb0 - Si02 glass, Pb0 acts as a modifier at low
Pb0 content ( < 30 mol% ) and a combination of a modifier and an intermediate oxide
at higher Pb0 content ( > 30 mol% ) [20]. In this system glasses will form with Pb0
contents up to 90 mol%, implying that a lead-oxygen network must exist with
considerable Pb—O covalency, whereas with corresponding ionic modifiers such as
Sr0 - Si02 or Na20 - Si02 it is very difficult to prepare glasses beyond the
metasilicate composition. Does Sn2+ behave like Pb2+ or as a modifier ?.
It is felt that there are many unanswered questions as to the role of tin in glass.
Therefore this research is an exercise to seek some answers with the emphasis on
silicate and soda-lime-silica glasses.
1.2 AIMS OF THE RESEARCH
It is therefore important that a systematic study of the environment of tin in
silicate and soda-lime-silica glasses be carried out in order to understand the structural
role of tin in these glasses. Also important is the study of the effect of tin concentration
on the physical properties of these glasses in order to remedy the lack of information in
the literature in these areas. Therefore the aims of the research are as follows:
(a) To study the structural role of SnO in the simple binary SnO - Si02 glass
system by NMR and Mässbauer Spectroscopies.
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(b) To study the effect of tin concentration on the viscosity, density, thermal
expansion and refractive index of binary SnO - Si02 glass since these indirect
techniques can provide some understanding of the structural features of this glass.
(c) To study the crystallization of some of the binary SnO - Si02 glasses.
(d) To study the structural role of the different valence states of tin in float glass by
Môssbauer Spectroscopy.
(e) To study the effect of tin concentration on the viscosity, density, thermal
expansion, refractive index and microhardness of tin-doped float glass.
1.3 CHOICE OF SYSTEMS
To achieve the aims of the research, two glass systems were chosen. They are:
1. Simple binary SnO - SiO2 glass system with nominal SnO contents between 20 and
80 mol% SnO.
2. The second type of sample is a complex glass system called tin-doped float glass.
This sample is made in order to simulate the tin concentration in the tin contact side of
industrial float glass. Six samples of float glass composition were doped with 2.5 , 5,
7.5, 10, 12.5 and 15 wt% SnO. Because Sn2+ will fairly readily oxidize to Sn4+ we
would expect, after melting, that the tin-doped float glass will contain varying amounts
of tin in different valency states.
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1.4 THESIS PLAN
The contents of this thesis will be divided into chapters as follows:
Chapter 2
Chapter 2 covers the definition of glass and the structure of glass with the emphasis on
models of glass structure. It will continue with some reviews of tin in various glass
systems and finally touches on the chemistry and structure of tin oxides.
Chapter 3
Chapter 3 is a chapter on theoretical background. It gives an account of the theory of
Nuclear Magnetic Resonance and M6ssbauer Spectroscopy that will be used in the
structural studies. This chapter continues on the theory of viscosity of glass and some
methods of its measurement.
Chapter 4
Chapter 4 describes the experimental techniques employed in the research programme.
These will include preparation of glass samples and its compositional analysis, Nuclear
Magnetic Resonance, Mässbauer Spectroscopy, Viscosity Measurement, Differential
Thermal Analysis, Dilatometry, Refractive Index Measurement, XRD Analysis, SEM,
Density Measurement and Microhardness Testing.
Chapter 5
Chapter 5 is devoted to the SnO - Si02 glass system. It presents the results and
discussion of glass preparation and compositional analysis, the structural investigations
by NMR and MOssbauer Spectroscopies, the viscosity measurement, the density and
molar volume, the thermal expansion, the refractive index and molar refractivity and
lastly presents the conclusions.
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Chapter 6
This chapter presents the results and discussion on differential thermal analysis and
devitrification of SnO-Si02 glasses. The techniques employed were Differential
Thermal Analysis, X-Ray Diffraction, 29Si MAS NMR , 119Sn MOssbauer
Spectroscopy and Scanning Electron Microscopy.
Chapter 7
Chapter 7 is a chapter on tin-doped float glass. It starts with glass preparation and
compositional analysis and then presents and discusses the results of 119Sn MOssbauer
Spectroscopy and physical property measurements and finally the conclusions that can
be derived from them.
Chapter 8
Chapter 8 summarizes the conclusions as to the structural role of tin in silicate and
soda-lime-silica glasses. It also summarizes the effect of tin on the physical properties
of the SnO - Si02 and tin-doped float glasses. Finally some suggestions for future
work will be made in this chapter.
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Chapter 2 - Glass structure and the role of tin
2.1 DEFINITION OF GLASS
Glass is generally defined as a product of melting that has formed a solid,
amorphous material on solidification of the melt without crystallization [I]. The term
'amorphous' is a description of any condensed phase which lacks long-range order
according to diffraction ( x-ray , neutron and electron) criteria. Thus liquid mercury
and carbon black are equally representative of the amorphous state of matter but they
are not glass. Therefore the terms 'glassy' and 'vitreous' are synonymous and refer to a
very restricted class of amorphous materials which are solid, hard, transparent, brittle,
isotropic and which soften progressively and continuously when heated. The majority
of glasses encountered, which are of high commercial value, are inorganic and are
composed of certain metal oxides melted together and supercooled to a glass. Thus the
American Society for Testing of Materials defines a glass as 'an inorganic product of
fusion which cooled to a rigid condition without crystallizing' [2]. The emphasis on
'inorganic' matter in this definition excludes elementary glasses such as vitreous
selenium or certain organic substances ( glucose, glycerol, plastic etc.) which can be
supercooled to a rigid condition without crystallizing and many other collections of
amorphous materials prepared by techniques other than melting such as vapour
deposition, chemical or electro deposition, shock treatment, sol-gel etc. Therefore a
more precise definition of glass would be;
"A glass is an x-ray amorphous material that exhibits the glass transition phenomenon"
[3 - 5]. The glass transition is that phenomenon in which a solid amorphous phase
exhibits, with increasing temperature, a more or less sudden change in the derivative
thermodynamic properties, such as heat capacity and expansion coefficient, from
crystal-like to liquid-like values [3 - 5]. Having said that however, the term 'glass'
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when used in this study generally refers to fused inorganic oxides of which silica is one
of the principal components.
2.2 MODELS OF GLASS STRUCTURE
With the exception of quartz (Si02) glass, glasses that are encountered in
everyday usage are multicomponent and chemically very complex. There is scarcely a
glass which contains fewer than four constituent elements. Consequently the resulting
structures can become extremely complicated; due to the fact that one is dealing with a
disordered arrangement of atoms and molecules. Therefore elucidating the glass
structure is a difficult job. Attempts to envisage the structure of these glasses has
produced a variety of models. It is generally accepted that the short range order and
therefore the primary building blocks (polyhedra) in a glass structure are not too
dissimilar to the corresponding crystal equivalents. For oxide glasses the widely
accepted model is the Random Network Model (RNM) proposed by W.H. Zachariasen
[6]. This will be discussed in the following section. It must not be imagined that the
basic RNM can be successfully applied to all inorganic glass forming materials,
therefore its modification and other models will also be discussed.
2.2.1 RANDOM NETWORK MODEL
Historically RNM has its basis in Goldsclunidt's radius ratio criterion for
predicting glass formation for oxides. Goldschmidt's observation was amplified and put
on a logical basis by Zachariasen in his influential 1932 paper [6]. From the observed
similarity between the mechanical properties of glass and the corresponding crystal,
Zachariasen deduced that the interatomic distances and interatomic forces in both must
be similar. It follows that, for a glass forming oxide, the coordination number of the
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cation must be closely similar in glass to that observed in crystal. This means that the
basic structural units in the glass and in the crystal are identical and the ordinary rules
of crystal chemistry apply to glass. In the case of oxide glass these basic units are
oxygen polyhedra. For example the SiO4 tetrahedron is the basic unit of silicate glass.
Zachariasen postulated that, as in crystal, the structural units are combined to give a
3D assembly but in glass the bond angles and bond distances vary. This results in an
arrangement lacking in periodicity and symmetry called a random network. Therefore
the random network lacks long range atomic order and produces the diffuse, liquid-
like x-ray diffraction pattern. Figure 2.1 shows the differences between the regular
crystalline lattice and the random network for an oxide having the formula M203.
Zachariasen then derived some empirical conditions for glass formation, as follows;
(i) No oxygen anion may be linked to more than two cations.
(ii) The number of oxygen anions surrounding the cation should be small (4 or less).
(iii) The oxygen polyhedra must share corners with each other, not edges or faces.
(iv) The structure should form a continuous three dimensional network, which requires
that at least three corners in each oxygen polyhedron must be shared.
From these postulates, the dominant type of polyhedron would be the tetrahedron as
the octahedron would tend to share edges and faces with neighbouring polyhedra.
In a series of papers, Warren et al [7-11] confirmed Zachariasen's model by
radial distribution studies from x-ray diffraction data of a number of oxide glasses of
simple composition. The systems they studied were Si02, Na20-Si02, Na20-B203
and B203-Si02. In 1969, with advanced experimental techniques, Mozzi & Warren
[12] showed that the silicon-oxygen-silicon dihedral bond angles in fused silica glass
are distributed over a broad range, from 120 0 to 1800, centered about 145°. This range
is much broader than in crystalline cristobalite. In contrast, the silicon-oxygen and
oxygen-oxygen distances are nearly as uniform in the glass as in the corresponding
crystal.
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(a)
(b)
Figure 2.1 : Schematic two-dimensional representation of the structure of (a) a hypothetical
crystalline compound Al203 (b) the glassy form of the same compound. Illustration taken from
reference [V.
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Zachariasen also proposed a system of categorizing oxides as:
Network Formers - Oxides that readily form glasses, e.g. Si02, B203, Ge02 and
P205.
Intermediate - Oxides that cannot independently form glasses but can readily
substitute for a network former, e.g. Al203, Be0, Zr02 and Ti02.
Modifier - Oxides that disrupt the continuity of the network by breaking dihedral
bonds, thus weakening the glass network, e.g. alkali-metal and alkaline-earth oxides.
Na20 is a good example and it will be used to illustrate the role of a modifier oxide.
Figure 2.2 illustrates the role of modifier oxides in the glass network. As can
be seen in Figure 2.2(a), the introduction of Na20 to silica glass causes structural
changes by breaking the dihedral bonds. The addition of one molecule of Na20 Will
produce two non-bridging oxygens. Thus the effect of introducing sodium oxide has
been to produce a gap in the continuous network and results in changes in the
properties such as reduction of viscosity and lowering of the transition temperature.
The sodium ions are accommodated in the holes or interstices in the network structure
( see Figure 2.2(b) ). The continued addition of modifier will give rise to progressive
breakdown in the dihedral bonds and hence there is a limit to the number of non-
bridging oxygens that can be accommodated whilst still forming a stable glass. The
glass forming limit of binary alkali silicate glasses is the metasilicate composition,
where the average tetrahedron has two each of non-bridging and bridging oxygens,
giving linear chains and ring structures. Further addition of alkali oxide will produce
smaller units leading eventually to the formation of monomers (SiO4 4 ions) at the
orthosilicate composition. This results in a significant decrease in stability, making
glass formation extremely difficult.
The nomenclature used to describe SiO4 tetrahedra with varying numbers of
bridging and non-bridging oxygens is as follows. The most widely accepted description
employed is that proposed by Lippmaa et al [13]. The 'different' SiO4 tetrahedra are
represented by Qn species where the superscript represents the number of bridging
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+ No20
+ 2No+
• Silicon ion
0 Bridging oxygen ion
Non-bridging oxygen ion
(a)
• Silicon ion
Sodium ion
0 Bridging oxygen ion
s Non—bridging oxycen ion
(b)
Figure 2.2 : Two-dimensional illustration of : (a) Reaction between sodium oxide and silica
tetrahedra. The addition of one molecule of sodium oxide produces two non-bridging oxygens.
(b) The structure of soda-silica glass. The sodium ions are accommodated in the holes or interstices
in the network structure. Illustrations taken from 121.
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oxygens to neighbouring SiO4 tetrahedra. Therefore the value of n is between 0 and 4.
Figure 2.3 schematically details the various Qn species.
The properties of a glass depend on the exact way in which the different bond
types are distributed, i.e. the quantities of different Qn
 species and their distribution
[14]. How the different Qn
 species are distributed in the glass can be described by two
models; the binary (constrained) [15] and the statistical (unconstrained random) [16]
distribution models. In the binary model the non-bridging oxygens repel each other
leading to maximum dilution which in turn gives successive formation of lower Qn
species and a homogeneous distribution of no more than 2 Q n types. The statistical
distribution model has no limit on the number of Q n
 species present for any
composition. The distribution is determined only by composition and statistics. The
distribution of non-bridging oxygens has been studied for all the alkali metal silicate
glasses using 29Si NMR by different researchers. Grimmer et al [17-19] for Li, Na and
K; Schramm et al [16] for Li; Dupree et al [15,20-21] for Na, Rb, Cs & Li and
Gladden et al [22] for Li. Except for Schramm et al, who observed a statistical
distribution for Li, the other researchers generally observed a binary distribution
behaviour for alkali metal silicate glasses.
The structural role of intermediate oxides has the opposite effect to that of the
modifying oxides because it can strengthen the network by removing the non-bridging
oxygens. Al203 is a good example. In crystals, the aluminium ion can be four or six
co-ordinated with oxygen giving rise to tetrahedral (A104) – or octahedral (A106)3–
groups. The tetrahedral groups can replace SiO4 tetrahedra in silicate lattices to give
the arrangement shown in Figure 2.4. Because 0– ions are needed to form the
polyhedral units of (A104)- and (A106)3–, non-bridging oxygens are consumed and
the Si-0—AI linkages repolymerise the network and produce a glass of greater
stability. ( It should be mentioned that Al also shows coordination of 5 in glasses and a
few crystals).
It is worth noting that lead is unusual, because binary lead silicate glasses,
containing very large amounts of Pb0, up to –80 mol%, readily form glasses [23].
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Figure 2.3: A schematic representation of the different Qn S104 species as defined by Lippmaa et
al [13].
Figure 2.4 : Al203 in silicate network. For charge neutrality purposes one alkali metal ion or half
an alkaline earth ion per A104 tetrahedron is located close to the A104 tetrahedron, which has a
delocalised single negative charge.
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Trap and Stevels suggest that there is an inversion in the structural role of the
modifying ions at the metasilicate composition, hence glasses containing less than 50
mol% glass formers are called 'invert glasses' [24]. It is believed that Pb 2+ can act as
either a modifier or intermediate oxide depending on concentration [25]. Compositions
higher than the orthosilicate (2PbO.Si02) can still form stable glass. This would
obviously be impossible if Pb2+ were acting solely as modifier. Therefore it is believed
that, at high Pb0 concentration, a lead-oxygen network must exist with considerable
Pb—O covalency. Dupree et al [25] examined the 29Si environment in this glass
system by MAS NMR and made the following observations:
(i) Below –30 mol% Pb0 - Pb2+ may act as a traditional modifier ion and the
disposition of non-bridging oxygens is consistent with a binary Q 4/Q3 distribution.
(ii) Between 30 and 40 mol% Pb0 - A Q4 peak can still be resolved, which may reflect
a change to a statistical distribution or may indicate the formation of Si—O—Pb
bridging units which may be indistinguishable by NMR from Si—O--Si units because
of the similarity in electronegativities.
(iii) From 40 to 65 mol% Pb0 - A statistical distribution of non-bridging oxygens is
consistent with the observed spectra.
(iv) At 70 mol% Pb0, the glass contains mainly isolated Q O species in a Pb-0 matrix.
Another invert binary glass is stannous silicate, which forms part of the subject
of this research. Complex invert glasses have also been prepared containing a mixture
of at least three modifying oxides, the common conception is that mixing modifiers
increases the free energy barrier for crystallization; thus hindering the diffusion of the
crystal phase components [24].
Zachariasen's random network model was originally developed to describe
glasses quenched from metastable melts at relatively slow cooling rates [26] and
containing not less than 50 mol% glass formers [27]. Therefore its application to
glasses prepared by other techniques is limited. However, Mackenzie [28] has shown
that Zachariasen's rules on glass formation are applicable to all types of non-crystalline
oxides prepared by routes other than melt cooling. Glass with a high proportion of
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modifier oxides (> 60 mol%) has been shown to contain chains of various sizes, thus a
three-dimensional network need not be a prerequisite for glass formation. In a later
publication Zachariasen [29] stated that this model does not mean to imply that the
vitreous network has to have three-dimensional extension. However, glasses would
have the most advantageous properties if the tetrahedral or triangular network has
three-dimensional cross-linking.
2.2.2 THE MODIFIED RANDOM NETWORK MODEL
In Zachariasen's Random Network Model the modifier cation occupies nearby
holes within the network with an irregular and poorly defined bonding arrangement to
ensure local charge neutrality. Recent neutron diffraction and EXAFS pui evidence
suggests that the network modifying cations adapt their local environment to obtain
their own preferred co-ordination polyhedron as found in related crystalline materials.
It is important to note here that in the crystalline state the local atomic arrangement of
modifying cations (alkali or alkaline earth) can vary considerably from one mineral to
the next [31]. In glass the modifying cation environments and non-bridging oxygens
complement one another. The non-bridging oxygens form a well defined first
coordination sphere around the modifier cation, thus adopting one of the local atomic
arrangements found in crystalline minerals. Although the coordination sphere
surrounding the cation is well defined, it does not imply the formation of regions of
crystalline order (crystallites). By using the Zachariasen postulates, both Greaves [32]
and Eckersley et al [33] state that the basic building unit of glass structure is not only
the oxygen tetrahedron formed around the glass former but also the oxygen
polyhedron formed around the modifier. How these two different basic building units
are arranged in a complementary way is answered by the Modified Random Network
hypothesis proposed by Greaves [32]. In this hypothesis the overall structure of a glass
comprises two, interlacing sublattices; that of the network former and that of the
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modifier. Figure 2.5 illustrates this idea in two dimensions and is best described as a
Modified Random Network (MRN) model and, as such, is partly ionic and partly
covalent. The structure's appearance is that of an 'archipelago' comprising peninsulas
and islands of network lattice regions interspersed by modifier lattice regions that
coalesce to form channels or rivers. The extent of these channels or rivers is dependent
upon the concentration of modifying oxide in the glass.
The MRN model successfully describes the decrease in viscosity as the
modifier oxide content is increased. The increase of modifier will increase the
boundary disclinations between the ionic and covalent regions. As these boundaries are
lines of easy shear, the more extensive these are within the structure, the lower the
viscosity. This model also describes well the ionic conductivity of glass where the
current flow is via the percolation channels as compared to conduction via jumping
over energy barriers of varying height as in the 'Random Network Model.
2.2.3 CRYSTALLITE MODEL
According to Porai-Koshits [34] the idea that glass consisted of minute crystals
was suggested by Frankenheim in 1835. He also said that the birth of the crystallite
hypothesis was in 1921, authored by Lebedev. With the advancement of x-ray
diffraction, the crystallite hypothesis was later developed in 1930 by Randall et al [35-
38]. The x-ray diffraction patterns of glasses generally exhibit broad peaks centered in
the range in which strong peaks are also observed in the diffraction patterns of the
corresponding crystals. They proposed that the observed breadth of the glass
diffraction pattern resulted from particle-size broadening where peak width varies
inversely with particle size. Such observations led them to conclude that glasses are
composed of assemblages or aggregation of very small crystals called crystallites.
These crystallites consist of several polymorphs of the melt composition or compounds
from the extremes of the phase diagram joined together by an amorphous zone.
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Therefore the Crystallite Model of glass structure is one composed of a discrete non-
continuous aggregation of extremely small crystals in an amorphous matrix as opposed
to the continuous bonding of structural units in the Random Network Model.
Randall et at estimated the crystallite size of Si02 to be around 15-20 A.
Warren [39], using more accurate x-ray techniques revised this figure to be about 7 to
8 A. This figure is about the size of a unit cell of cristobalite. Therefore any crystallites
would be only a single unit cell in extent and such structures seem contrary to the
notion of a crystalline array. According to this hypothesis, this cannot be true but no
evidence has been found to indicate the discontinuity of Si02 species within
homogeneous glasses. Phillips [40], on the basis electron microscopy and Raman
spectroscopy proposed that vitreous silica is composed of crystallite clusters or
granules of 13-cristobalite of 66A in diameter. This was convincingly refuted by
Galeener and Wright [41] via Raman spectroscopy and neutron diffraction. Hence the
crystallite hypothesis remains unsubstantiated although numerous x-ray, electron and
neutron diffraction results indicate the existence of a greater degree of orderliness as
discussed in the Modified Random Network Model.
2.2.4 STRAINED MIXED CLUSTER RANDOM NETWORK MODEL
The generally accepted random network model is based upon the idea that
some kind of three-dimensional polymerisation occurs in the glass forming liquids as
they are cooled. It does not give any clue as to how this polymer network forms, nor
does it show how a glass forming liquid differs from a normal liquid which crystallises
on cooling. An alternative model of glass structure that has an element of random
network but also one of strained quasi crystalline cluster was put foward in 1984 by
Goodman [42]. It is based thermodynamically on the variations of free energy and is
independent of bonding type. It can explain glass forming ability in a wide range
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of materials, where the bonding is mixed covalent-ionic, highly covalent, highly ionic
or metallic.
Goodman noted that, when any liquid melt is cooled below its freezing point,
the nucleation process starts with the formation of very small clusters of atoms called
embryos. Embryos that grow to greater than some critical size will form a stable
nucleus. On these nuclei crystal growth takes place accompanied by a decrease in free
energy. Goodman added that, from empirical observation, the factor that distinguishes
glass forming liquids from normally freezing liquids is that they show polymorphism in
their crystallographic structures with little difference in their respective free energies.
As a glass forming melt is supercooled, small clusters of atoms form with structures
corresponding to the different polymorphs. Polymorphs with the lowest free energies
will grow to a larger size. Therefore the supercooled liquid will contain a mixture of
various types and sizes of clusters which will collide with each other due to Brownian
motion. The collision will randomly mix the different clusters and in this way will
minimise the possibility of 'favourable orientation' between clusters that will promote
nucleation and crystal growth. Consequently, as the liquid cools, 'unfavourable
orientation' between randomly-mixed, different clusters will experience a strained
interface. This lack of epitaxy between clusters will increase the free energy and hence
will hamper the formation of the critical size clusters required for nucleation and
crystal growth. The viscosity of the liquid will increase as the concentration of
agglomerated strained mixed clusters increases with further cooling. Eventually a
random strained mixed cluster network will come to extend throughout the volume of
the liquid as the agglomerations progressively stick together. At this point the residual
liquid matrix containing the clusters cools to a space filling solid. This corresponds to
the glass transition temperature (Tg). Figure 2.6(a) shows the glass structure at Tg.
The variation of Tg with cooling rate can be explained by this model. Slow cooling
rates will give more time for mutual adjustment of structure to minimise interfacial
strains and to achieve a close fitting of mixed clusters. Rapid cooling would produce
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Figure 2.5: A modified random network for a two dimensional oxide glass,' Al203(G20 3), where AI
are modifier cations and G network forming cations. Covalent bonds are represented by solid lines,
ionic bonds by dotted lines. Illustration taken from reference [32].
(a)	 (b)
Figure 2.6 : Goodman's illustration of a two-polymorph strained mixed cluster model. Interfacial
strain is indicated by + and - symbols [42]. (a) Fully formed space-filling strained mixed cluster
random network, at T (b) Strained mixed cluster random network glass at a temperature below T
when residual liquid has _frozen out.
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higher interfacial strain, less efficient cluster packing, a higher content of space filling
liquid and consequently a higher specific volume and therefore a higher Tg value.
On progressive cooling below Tg the residual liquid would deposit onto the
surrounding cluster surfaces until all was solidified. The resulting structure is depicted
in Figure 2.6(b) with each cluster surrounded by a random close packing of other
clusters with half of the interfaces under tension and half under compression.
Therefore the outer regions of each cluster will be significantly distorted and will not
be coherent with its 'ideal' core in terms of x-ray or other diffraction. The estimated
cluster size is 3 nm or more across. There is also further strain due to thermal
expansion mismatches between the clusters and this will contribute to the oN mall
increase in free energy.
2.2.5 CONCLUSION
At present an all encompassing model for glass structure does not exist. What
has been presented is not an extensive classification of glass structure. Other models
have also been proposed such as Krogh-Moe's [43] molecular theory for borate glasses
and Bernal's [44] sphere packing for amorphous metal. An important one is the Stereo-
Chemically Defined Model proposed by Gaskell [45] to explain the finding that there is
a significant correlation between neutron diffraction data for calcium silicate glasses
and their crystalline counterparts in respect of the local and medium range environment
surrounding the calcium atoms [46-47]. This model proposed that there is a medium
range order of atoms in glass. In other words this model states that the extent of
similarity of a well ordered arrangement of atoms in amorphous materials with its
corresponding crystalline state is beyond the first coordination sphere.
From the models presented above we can conclude that glass structures are
very complex and may contain different types of bonding and the order of atomic
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arrangement may be similar to the corresponding crystalline structure up to the second
coordination sphere.
2.3 REVIEW OF TIN IN VARIOUS GLASS SYSTEMS
This section gives a review of some of the work that has been done to study
the role of tin in the borate, germanate, phosphate and silicate glass systems.
2.3.1 BORATE GLASS
2.3.1.1 BINARY SnO-B203 GLASS
Paul et al [48] studied binary Sn0-B203 glasses with SnO contents ranging
from 12 to 58 mol% by infrared and 119Sn MOssbauer spectroscopies. Glasses were
prepared by melting fin(l) oxalate with boric oxide in silica crucibles at melting
temperatures between 900°C and 1000°C. The disproportionation of SnO to Sn02 and
Sn metal was minimised by controlling the oxygen partial pressure of the furnace
between 10- 10 and 10-18
 atm. As noted in chapter 1, the solubility of Sn02 in borate
is very low. A maximum of 0.2 wt.%(0.1 mol%) Sn02 dissolved in some of the
glasses and such a small Sn02 contamination was neglected. The changes in infrared
results showed that, like the alkali borate glasses, a small amount of SnO (less than 20
mol%) produces tetrahedral boron while large amounts result in non-bridging oxygen
in addition to tetrahedral boron. The 1195n Môssbauer spectra, taken at 80K, showed
that the chemical isomer shifts and the quadrupole splittings for Sn 2+
 in all glass
samples were larger than in tetragonal SnO. The isomer shift increases with SnO
content up to about 20 mol% and thereafter decreases smoothly with increasing SnO,
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while the quadrupole splitting does not change much with SnO content. From this
study they concluded that, for SnO contents up to 20 mol%, the Sn—O bonding is
mostly ionic and, at higher SnO contents, the non-bridging oxygens are coordinated to
Sn2+ ions. In other words SnO is acting as modifier at low concentration of SnO and
from SnO contents of more than 20 mol% , it starts to make cross-linkages with the
glass network.
2.3.1.2 ALKALI TIN BORATE GLASS
Eissa et al [49] studied alkali borate glass containing Sn02 in minor amounts
by the MOssbauer effect. The general composition formula of the glasses is (100-X)
mol% B203 + X mol% Me20 + Y mol% Sn02, where Me= Li, Na or IC X= 10, 20
or 30 and Y is the quantity of Sn02 introduced. Under an oxidizing atmosphere, the
amounts of Sn02 dissolved in the glasses containing 10, 20 or 30 mol% alkali oxide
were not more than 2, 4 or 5 mol% respectively, while the composition with 30 mol%
Li20 did not form glass under any condition. The room temperature isomer shifts of
1195n MOssbauer spectra of the glasses were considerably different from that of the
crystalline Sn02. This shows that tin in small amounts can effect the glass structure
and the y resonance of 119Sn was sensitive to structural changes of the glass. This
conclusion is in agreement with an earlier study of Mitrofanov and Sidorov [50] who
investigated the same series of glasses. Both studies found that the difference in the
values of the isomer shift between the Sn02 in glasses and crystalline Sn02 indicates
that the ionic nature of the Sn--0 bond is stronger in the glasses than in Sn02 crystal.
The increase of the absolute value of the isomer shift with the increase of the alkali
content was interpreted as being due to the increase of ionicity of the Sn—O bond in
the glass. The absolute value of isomer shift decreases on going along the Li-Na-K
series, which indicates that the ionicity of the Sn-0 bond decreases with increasing
ionic radius of the alkali ion. The quadrupole splitting and line width decrease with the
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increase of alkali content and on going along the Li-Na-K series but the line width in
glasses is only slightly greater than the line width in crystalline Sn02. The general
conclusion of both studies is that tin in the glass is in the quadrivalent state having a
structure in which oxygen forms a highly distorted octahedron around the tin atom.
2.3.2 GERMANATE GLASS
23.2.1 BINARY SnO-Ge02 GLASS
The binary SnO-Ge02 glasses were studied by Silver et al [51], motivated by
the fact that the binary Pb0-Ge02 glasses were reported [52-54] to have two
interesting features. Namely; that the Pb5Ge3011 glass ceramic is an important new
ferroelectric material and Pb0-Ge02 glasses have extremely high refractive indices.
They studied three glass compositions: (i) Opaque yellow glass of composition
Sn5Ge3011 melted in open carbon crucibles under oxidising conditions at 800°C,
resulted in some metallic Sn and Sn02 from the disproportionation of SnO in the glass
and on its surface respectively. & Glasses of composition SnGe03 and
Sn6Ge7020 melted between 700 and 800°C in vacuum out-gassed sealed silica
ampoules, giving yellow-green SnGe03 glass and orange-yellow Sn6Ge7020 glass.
The M6ssbauer spectra of these glasses showed only a Sn2+ peak, indicating that the
specimens were free from SO +. The chemical shifts and the quadrupole splittings are
higher than those of the tetragonal SnO. This shows that the Sn-0 bond in the glass
is more ionic and distorted than in crystalline SnO. The refractive indices of the glasses
are very high and are of the order of those found for the Pb0-Ge02 glasses [55].
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2.3.3 PHOSPHATE GLASS
2.3.3.1 BINARY SnF2-P205 GLASS
Binary SnF2-P205 glass was studied by Shaw & Shelby [56], motivated by the
quest of finding glasses with properties of low melting temperature, high chemical
durability and high thermal expansion. These properties are desirable for many
applications which include the moulding of optical elements using standard equipment
normally used for plastics, low temperature glass to metal seals and the incorporation
of optically active organic molecules into inorganic glass matrix used in dye lasers.
They succeeded in making stannous fluorophosphate glass with glass formation
extending over a relatively large (0-80 mol% SnF2) composition region and melting
temperatures between 400 to 500°C. But only glasses with SnF2 contents between
55-77 mol% were durable enough to moisture attack and they exhibited a very high
thermal expansion. A structural model was proposed by Tick [57] for these glasses,
suggesting a basic structural unit of Sn—O—P-0 bonds. The divalent tin plays the
role of a network former, in tetrahedral coordination, bonding with phosphorus via
oxygen (Sn 0 P), shown in Figure 2.7. The network is extended in three
dimensions by corner sharing of tin and phosphorus polyhedra, assuming no P—F
bonding. The density composition relationship of this glass shows a sharp change at
approximately 60 mol% SnF2, the composition at which the glass exhibits the best
resistance to water attack. This suggests that a structural change in the glass network
occurs at this composition. As SnF2 (Sn2+) content increase, there is an increase in
the linkage of the glass network as the formation of Sn—O—P-0 bridges decreases
the number of weak P—O—P bonds. At around 60 to 65 mol% SnF2, the number of
Sn—O—P-0 bonds is at a maximum. Further increase of SnF2 content eventually
results in the formation of Sn—F—Sn bonds, which are weak to water attack.
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Figure 2.7: Structural model of the binary SnFrP205 glass.
2.3.3.2 TERNARY Sn0-SnF2-P205 GLASS
Shaw & Shelby [58] extended their studies to the tenary SnO-SnF2-P205
glass system as a logical extension to the binary SnF2-P205 glass. The addition of
SnO to binary stannous fluorophosphate glasses resulted in a decrease in the volatility
of the melt and dramatic improvements in the chemical durability of the glass. In binary
StiF2-P205, glasses with 60 to 65 mol% SnF2 exhibited the best durabilities but these
glasses were still susceptible to water attack. The substitution of SnO for SnF2
dramatically reduced the dissolution rates and glass samples containing 30 mol% SnO
showed dissolution rates comparable to soda-lime-silica glasses. Thus glasses with 30
mol% SnO and containing less than 50 mol% P205 are chemically very durable.
According to Zachariasen's model , glass formation would be impossible for a P205
content less than 50 mol% and if the 5n 2+ only act as network modifiers. It is evident
from these studies that some fraction of Sn2+act as network forming cations. Later Xu
& Day [59] studied the same system and made the same finding as Shaw & Shelby.
They concluded that the decrease in either the P205 contents or F/O ratio causes the
major improvement in the chemical durability. In glasses containing 30 to 50 mol%
P205, the infrared studies showed that Sn cations act as network formers, thereby
forming an orthophosphate like structure. The infrared spectra of these glasses also
showed that Tick's assumption that no P—F bonds are present in these glasses is
incorrect. Therefore, Xu & Day proposed a different structural unit shown in
Figure 2.8.
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Figure 2.8: Structural model of the ternary SnO-SnFTP 20 5 glass
The increase in chemical durability through the increase of SnO content is due to the
fact that the weaker linkages of Sn—F—Sn, Sn—F—P and P—F—P are gradually
replaced by stronger Sn—O—Sn, Sn—O—P and P—O—P linkages.
2.3.4 SILICATE GLASS
2.3.4.1 BINARY SnO-Si02 GLASS
Early studies on the binary SnO-Si02 glass system were focussed on the
preparation of glass in order to establish the phase relations in the system. Keysselitz &
Kohlmeyer [60] first reported the preparation of glass in this system by heating
compressed pellets of mixtures of stannous oxalate and silica. On heating the pellet,
the oxalate decomposed to give Sri, SnO, CO and CO2. The evolution of CO and CO2
gases expelled the air from the crucible and the low oxygen partial pressure of the gas
mixture minimised oxidation of the melt. Spandau & Kohlmeyer [61] melted mixtures
of SnO + Si02 , and obtained a yellow glass. Slonirnskii & Tseidler [62] improved
this technique by heating mixtures of SnO + SiO2 in hermetically sealed alumina
crucibles. The resulting glass showed that up to 3 wt% Al203 had dissolved in the
melt. They also found that the glasses decomposed to metallic Sn, Sn02 and quartz on
heat treatment. Chizhikov et al [63] prepared this glass by reducing mixtures of
Sn02 + Si02 with carbon in a nitrogen filled Tarnmann furnace. All the above
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researchers concluded that there are no binary compounds, stable or metastable in the
phase relations of SnO-Si02 glass system.
Carbo Nover & Williamson [64] studied the crystallisation and decomposition
of SnO-Si02 glasses ranging in composition from 28 to 59 mol% SnO. Their method
of glass preparation was based on that used by Keysselitz & Kohlmeyer where
compressed pellets of mixtures of stannous oxalate and quartz were melted in alumina
crucibles. Glasses containing 42 mol% SnO or more crystallised to give a new
metastable compound, designated stannous metasilicate (SnSiO3). This phase grows at
subsolidus temperatures as polycrystalline spherulites. The ease with which these
crystalline spherulites grow depends on the composition of the glass. They grew most
readily from glass compositions on either side of the 1:1 composition. This phase
decomposes at 700°C to give SnO + silica and to Sn02, Sn + silica at higher
temperatures. They conclude that the structure of SnSiO3 is thought to be related to
that of SnO. Ishikawa 8c Akagi [65] studied the structures of SnO-Si02 glasses with
SnO contents ranging from 32 to 57 mol% SnO. Glass samples were prepared from
mixtures of stannous oxalate and silicon dioxide melted in alumina crucibles. The
information they obtained both from infrared spectra and radial distribution studies of
x-ray diffraction data of the glasses, supports the suggestion of Carbo Nover &
Williamson that the structures of the glasses resembles that of the crystalline
metastable SnSiO3. From radial distribution studies, they also found that there is a
structural contraction in the glasses with SnO contents greater than 35 mol%. Neither
paper proposed atomic models of the glass structure since the structure of SnSiO3
crystals has yet to be determined. Itoh & Mori [66] studied the electrical resistance as
a function of temperature of SnO-Si02 glass containing 47.42 mol% SnO and found
that the electrical resistance began to decrease at 450°C; corresponding to the glass
transition temperature.
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2.3.4.2 SODIUM TIN SILICATE GLASS
The solubility of Sn02 in silicate glass is very low. A maximum of 0.8 mol%
Sn02 can be dissolved in Si02 (quartz) in making the stannosil glass [67], mentioned
in chapter 1. However, the presence of alkali oxide, can increase the solubility of Sn02
in a silicate melt. Zorina & Valchranunev [68] studied the incorporation of Sn02 in the
following ternary system of sodium tin silicate glasses;
15Na20.xSn02.(85-x)Si02; 20Na20.xSn02.(80-x)Si02; 25Na20.xSn02.(75-x)Si02
; 30Na20.xSn02.(70-x)Si02. Where x = 0 ; 2.5; 5; 7.5; 10 mol%
Their attempt to prepare transparent glass with Sn02 content greater than 15 mol%
failed owing to the sharp increase in the viscosity of the melt. Infrared spectra of the
glasses showed that some of the octahedral coordination of tin began to change to
tetrahedral coordination for Sn02 contents greater than 5 mol% but the octahedral
coordination of tin predominated. Dannheim et al [69] studied the M6ssbauer effect of
tin in the glass system Na20-Si02. By adding varying amounts of Sn02 or SnO to the
system and melting the glass in oxidizing or reducing atmosphere, they were able to
vary the tin valence ratio (Sn4+/Sn2+) over a wide range in the glass. By comparing
the values of the isomeric shift with that of known crystalline tin compounds, the
coordination numbers of the SO + and Sn2+
 ions were determined and, depending on
the glass composition and the valence ratio, both ions can undergo a transition from 4
to 6 coordination or vice versa. For both ions a change from 6 to 4 coordination
indicates that the ion is changing from modifier to network former. Dannheim et al
concluded their studies by saying that tin in the glass is in a distorted lattice.
Nlitrofanov & Sidorov [70] studied the M6ssbauer effect of tin in the ternary system of
Me20-Sn02-Si02, where Me = Li, Na, K and found that the tin chemical shift for
each alkali tin silicate glass did not change with composition and the spectral line width
was only slightly greater than the line width of crystalline Sn02. They added that in
this glass systems tin atoms were surrounded by oxygen atoms and had six-fold
coordination in the form of a group,
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2Me+
whose structure remained constant when quantitative changes were made in the
composition of the glass. They concluded that the glass structure was not in agreement
with the Zachariasen's disordered lattice hypothesis and indicated the existence of
definite chemical compounds in glasses.
2.3.4.3 TIN IN SODA-LIME-SILICA (FLOAT) GLASS
About 85% of the flat sheet soda-lime-silica glass produced in the world is
made by the float process in which a ribbon of molten glass flows out of the melting
furnace and solidifies while floating on a bath of molten tin enclosed in a float chamber
filled with an inert gas mixture of nitrogen and hydrogen. Some tin diffuses into the
lower surface that is in contact with the molten tin. A smaller amount diffuses into the
upper surface by chemical adsorption from tin vapour in the float chamber. Figure 2.9
shows the typical tin diffusion profiles in the underside of float glass taken from
Pantano et al [77]. It shows that the depth of tin penetration is to about 161.1m and the
tin oxide concentration at the surface is about 15 wt% ( 4mol% ).
There have been a few studies done on float glass, concentrating on the
determination of tin oxidation states and quantifying these oxidation states as a
function of depth in the glass. Chappell & Stoddart [71] studied the underside, top and
air fracture surfaces of an unweathered float glass by Auger electron spectroscopy to
compare compositions of the exterior surfaces with that of the bulk. Calcium,
magnesium, potassium, silicon and oxygen were detected in all surfaces in qualitatively
similar amounts to that in the bulk but contaminants (carbon, nitrogen and sulphur)
were also found on exterior surfaces. On the underside, tin and iron were present but,
on the top, tin was found at about only one tenth of the underside concentration.
Sodium could not be detected because of its rapid migration from the surface along the
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Figure 2.9 Typical tin diffusion profiles in the underside of float glass specimens taken from
reference [771 The in-depth and near-surface tin profiles for three different 6 mm clear float
glasses; by EPAL4 ( upper ) and by SlAfS ( below ). For simplicity the tin oxide concentration is
expressed in Id% Sn02 even though it has been shown that tin in both valence states of +2 and +4
coexist in the glass. All the three specimens exhibit what Sieger [72] described as an anomalous
'hump' or satellite peak at about half the effective depth ofpenetration.
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field gradient induced by the electron beam. Sieger [72] studied the tin profiles of float
glass surfaces by a method that involved electron-microprobe analysis of the edges of
the samples and etching of a layer from the surface and chemically analyzing it for
stannous or stannic tin. The depth of tin penetration through the underside varies with
glass thickness and cleanliness of the tin bath. Glass near equilbrium thickness (6mm)
shows deeper tin penetration than either 3 or 12 mm. Stannous and stannic tin are
present near the bottom surface with the former predominating. The tin penetration
profile also exhibits a 'hump' located at about half the effective depth of tin penetration.
Colombin et al [73] measured the penetration depth of tin in float glass using ESCA
[Electron spectroscopy for chemical analysis (---XPS)], photo emission induced by ion
bombardment and ellipsometry. Their studies concluded that the concentration of tin
in the first 100nm of the underside of float glass decreases very rapidly as a function of
depth and the concentration of tin at the surface (10nm) of the underside is very high.
Jie & Chao [74] studied the underside of float glass by XPS (X-ray photoelectron
spectrometry) to determine the oxidation states of tin. A detailed scan for tin was
made on the underside of the float glass sample, measured in the as-received state and
after argon ion etching. The depth of tin scanning was about 1 Onm. XPS spectra of
pure Sn, SnO and Sn02 were fitted to the spectra of the glass samples. The fit in all
cases was excellent and they concluded that,
(i) In the underside of float glass, tin is present in SO+, Sn2+ and Sn°, with SO+
having the largest fraction.
(ii) Deeper into the glass, the fraction of SO+
 decreases gradually, while Sn2+ and
SnO increases.
Principi et al [75] studied the oxidation state of surface tin in float glass using
conversion electron Meissbauer spectroscopy (CEMS). The room temperature CEMS
spectra show that the surface contains a mixture of Sn2+ and SO+ oxides. This result
excludes the presence of metallic tin, contrary to the results reported by Jie & Chao.
By taking into account the fact that the room temperature f factor of SO+ is
approximately twice that of Sn2+, they concluded that Sn2+ is the predominant oxide
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species at the surface of float glass. The isomer shift and quadrupole splitting are
higher than those of the corresponding crystalline phases. By heating the glass for 10
minutes at 730°C, thus simulating the industrial process which produces blooming
(deterioration of glass surface quality), the Sn2+/Sn4+ area ratio of the CEMS spectra
was found to decrease. Therefore from this experiment they have shown that the
blooming is caused by the oxidation of some of the Sn 2+ tin species to SO+ when the
glass is reheated for tempering or to produce curved glass. These findings supported in
some way the mechanism for bloom suggested by Deubener et al [76] whereby an
oxidation of Sn2+ in the outer layers alters both their viscosity and expansion
coefficients by changing the chemical make up of the surface. Pantano et al [77]
compared the tin profiles at the bottom surface of float glass due to heat treatment
with that of untreated float glass. The concentration profiles of tin in the near surface
(0 to 0.5 gm) were obtained using secondary ion mass spectroscopy (SIMS), while the
depth profiles (0.5 to 30 gm) were determined with electron probe microanalysis
(EPMA). The heat treatment schedule simulated the industrial process which produces
blooming. Their results showed that after heat treatment there was a large tin
concentration build-up near the surface and tin concentration depletion at greater
depth. In another words there was a pronounced out-diffusion of tin to the surface due
to heat treatment and this process changed the tin profiles as compared to the unheat
treated float glass. Their findings supplement the mechanism for the process of
blooming forwarded by Deubener et al above. The studies concluded that surface
enrichment of SO+ species due to heat treatment can only exaggerate those physical
and chemical property changes, while the abruptness of the decrease of 'tin
concentration profiles magnifies their effect upon the surface wrinkling.
The above mentioned studies have concentrated on quantitative
characterization of profiles of tin species that have diffused into the surfaces of float
glass and try to account for the blooming of the glass due to heat treatment. There
have been few studies carried out to try to make glass having the same chemical
composition as the bottom part of float glass that has been in contact with the molten
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tin and studying the effect of tin upon the physical and structural properties of the
glass. Studies by Minko et al [78-79] mentioned in chapter 1, have concentrated on
the synthesis of glass of float glass composition with varying amounts of Sn 2+ and
SO+. Depending on the synthesis conditions, the equilbrium Sn 4+<=> Sn2+ is
established in the glass. This can be displaced almost completely to the left, but only 70
% to the right. Minko et al added that the improvement in the physicochemical
properties of glasses synthesized under oxidizing compared with those under reducing
conditions is due to the differing valence state of the tin in the glass structure. Owing
to the different roles played in the glass by the different valence of tin, SO+ is
assimilated by the soda-lime-silica melt only in an amount not exceeding the alkali
content of the glass, whereas this is not the limit for Sn2+.
2.3.5 CONCLUSION
Tin in the divalent state can be a major component in many glass system.
Divalent tin in the form of SnO has been shown to fulfill various structural roles as
either modifier or intermediate, depending on the type of glass system and
composition. SnO contents of more than 50 mol% can form glasses in the binary
SnO-B203, SnO-P205, and SnO-Si02 glasses. For example, in the binary
SnO-B203 glasses the SnO role changed from modifier to intermediate at 20 mol%
SnO. In the form of SnF2 , divalent tin can be incorporated in the SnF2-P205 glass
system up to 80 mol% SnF2. While glass in this system is not chemically durable, a
major addition of SnO to form the ternary SnO-SnF2-P205 glass system, has
dramatically improves the chemical durability of the glass. With the presence of SnO, it
is evident that some fraction of Sn 2+ are acting as network forming cations in the
ternary SnO-SnF2-P205 glass system. Contrary to divalent tin, tetravalent tin in the
form of Sn02 is only a minor component in any glass system. This is because of its
low solubility rate especially in alkali free glass. Only 0.1 mol% dissolved in stannous
borate and 0.8 mol% dissolved in stannic silicate (stannosil) glasses. The solubility of
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Sn02 can be increased by the presence of alkali oxide in the glass melt but the amount
that can be dissolved does not exceed the alkali content of the glass. Studies of tin in
float glass have also shown that SnO(Sn2±) is the predominating species compared to
Sn02(Sn4±).
Based on the fact that divalent tin is a major component while tetravalent tin is
minor in any glass system, the two valence states of tin must play a different role in the
structure of the glass. The difference must be due to the structural difference between
SnO and Sn02 as seen in the next section.
2.4 THE STRUCTURE OF THE OXIDES OF TIN
Tin, as a p-element with atomic number 50, belongs to group WA of the
periodic table. This group comprises C, Si, Ge, Sn, and Pb. An atom of any of these
elements has four electrons in its valence level. The oxides of Si and Ge are glass
formers, while lead(II) oxide in silicate, gennanate and borate glasses behaves as
modifier or intermediate depending on its concentration in the respective glasses. The
ground state electronic configuration of tin is,
0
Sn: 1s2	2s2 2p6
	
3s2 3p6 3d1.0
	
4s2 4p6 4d10
	 52 5p2
The oxidation states of tin are +2 and +4. The tetravalent state is the most stable and
the formation of the lower oxidation state of +2 is referred to as the inert pair effect,
since the 5s2 electron pair shows a reluctance or inability to ionize or to act as bonding
electrons [80]. Table 1.1 gives the ionic radius, coordination number with respect to
oxygen, field strength, ionic potential and ionic refraction of tin as well as silicon, lead,
and sodium [1] for comparison purposes.
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Table 1.1
Ion Ionic radius, r
(A)
Coordination
number with respect
to oxygen
Dietzel's field strength
= zia2 (A-2)
z = valency, a =
interionic distance
Ionic potential
= z/r (4- 1)
Ionic
refraction, Ri
Si4+ 0.39 4 1.56 10.26 7.52
Sn2+ - 4 0.46* - 17.2
Sn2+ 0.93 6 0.41* 2.15 -
Sn4+ - 4 113* - -
Sn4+ 0.69 6 1.01* 5.80 -
Pb2+ 1.18 6 0.31 1.69 27.4
Ara + 1.02 6 0.18 0.98 4.75
* Taken from reference [69]
According to Volf [1], the field strength (bond strength) of network former elements is
high, exceeding 1.3 and the modifiers have low field strength below 0.36 and the
intermediate elements field strength values are between these two. Volf also states that
network formers have high ionic potentials, exceeding 10, modifiers have low values
up to 2 and the intermediate ionic potential values are between these two. Based on
these criteria tin can be classified empirically as an intermediate element along with
lead. The value of ionic refraction give a measure of deformation (polarizability) of an
ion [81]. The ionic refraction of Sn2+ is much higher than SO+
 and Nat and
comparable to Pb2+, This indicates that Sn2+ is strongly deformable or polarizable.
Now let us look at the structure of SnO and Sn02. The nature of the bonding
of SnO and Sn02 is classified as iono-covalent, the same as Pb0 and unlike the
polymeric, more covalent bonding of Si02 and Ge02 [80]. According to Pye [82], the
fraction of ionic character of the Sn—O bond is – 0.6 and thus classified into the
intermediate group.
38
2.4.1 THE STRUCTURE OF Sn02.
Tin(IV) oxide (Sn02) crystallizes with the rutile structure and can be regarded
as essentially an ionic crystal [83]. The rutile crystal structure is a body-centered
tetragonal with SO+ ions at the corners and centre of the cell and oxygen ions located
at nonregular interstitial sites, causing distortion of the cell from cubic to tetragonal.
The unit cell of Sn02 crystal is depicted in figure 2.10, where the environment of tin is
an octahedron of oxygen ions, and the electron density distribution close to the tin
nucleus can be regarded as approximately spherical [84].
The poor solubility of Sn02 in silicate melts can be explain by its bond strength
(field strength) and structure. Oxides with bond strength values that exceed 0.8 and
coordination number exceeding 4 have been classified by Volf [1] as oxides that show
poor solubility in glass. In this case the bond strength of SO + is 1.01 and its
coordination number is 6. Owing to these factors, SO + poses strong competition for
silicon in polymerization. The SO+ ion can form its own strong six coordinated
oxygen polyhedra differing from the SiO4 group and, as a consequence of its high
bond strength and different geometry, it is more difficult to link to the polyionic
netwok of silicon tetrahedra. This results in poor solubility in silicate glasses.
2.4.2 THE STRUCTURE OF SnO
Tin(11) oxide (SnO) is amphoteric. Cole [85] classified an amphoteric oxide as
generally belonging to the intermediate group, acidic oxides such as Si02 and B203
are network formers and basic oxides such as Na20 and K20 are modifiers. SnO has a
complex tetragonal crystal structure, similar to Pb0. The SnO crystal, unlike CaO or
MgO, contains asymmetrical units. In CaO and MgO each cation is symmetrically
surrounded by six oxygen ions, therefore the valence force of each ion extends equally
into space. In the SnO crystal, however, the valence forces extend more to one
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direction, so that the asymmetrical building units consists of a Sn atom located at the
top of a square pyramid bonded with its four oxygen neighbours placed at the corners
of the base of the pyramid as shown in Fig. 2.11(a). The inert pair of 5s electrons that
do not take part in the bonding is situated at the apex of the tetragonal pyramid and
occupies a mixed (s-pz) orbital [83]. These asymmetrical building units of (Sn04)6-
are arranged forming a layered structure, where each tin atom has four oxygen near
neighbours, all lying to one side, and all of the oxygen atoms lie between every other
pair of tin layers as shown in Figure 2.11(b). The layered structure allows an electronic
through-space interaction between tin atoms.
Therefore the resulting tetragonal structure of SnO consists of a prism with
02- ions in each of the eight corners and Sn 2+ placed inside not at the centre but much
closer to four of the corners than to the other four. The simplest interpretation of this
structure is that the four near 02- ions repel the easily polarisable shell of the Sn2+,
especially its two outermost (inert 5s 2) electrons. The electronic structure of the Sn2+
ion consists of an inner core of 18 electrons in the N-shell, and two 5s electrons in
the 0-shell. The two 5s electrons are easily repelled in the field of the negative ion
02-. As a result the Sn2+
 loses its spherical symmetry, and its electron distribution is
such that towards the four near 02- ions it extends only its 18 electrons of N-shell.
Therefore towards the four near 02- ions, the Sn2+ ion assumes the electron
distribution of a much smaller and highly charged SO + ion while the opposite side of
the Sn2+
 is characterized by a higher electron density, much resembling the Sn atom.
In this way according to Weyl [86] Sn2+
 ion possesses, what he term as 'metallophilic'
character.
From the fact that the SnO crystal structure is complex and it can be a major
component in many glass system, one can see that its structural role in glass must be
complex and dependent on composition.
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(a)
Figure 2.10 : Rutile crystal structure of SnO,, showing the unit cell [84].
I
• 1 •
1...___.1
a -3.804 A
(c)	 (b)
0 Oxygen	 • Tin
Figure 2.11 : The crystal structure of SnO [83-84]: (a) The arrangement of bonds from a tin atom to
oxygen atoms, where the two dots represent the 'inert pair' of electrons. (b) The tetragonal layered
structure. (c) Unit cell of SnO.
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Chapter 3 - Theoretical Background
This chapter presents the theoretical backgrounds to the three main
experimental techniques used in the studies. 29Si and 119Sn NMR were used in the
structural investigations of the binary SnO-Si02 glasses. 119Sn MOssbauer
spectroscopy was used to investigate the role of tin oxides in the binary SnO-Si02 and
in tin-doped float glasses. Viscosity measurements were made on both the binary
SnO-Si02 and tin-doped float glasses.
Other physical properties were measured which can indirectly provide evidence
for a better understanding of the structural features of both glasses. These Nmere
thermal expansion, refractive index, density and microhardness. They are not discussed
here but will be briefly touched in chapter 4 ( Experimental Materials and Techniques).
3.1 NUCLEAR MAGNETIC RESONANCE
Nuclear magnetic resonance (NMR) is the spectroscopy of nuclei of certain
elements that possess non-zero spin angular momemtum and an associated magnetic
moment. It is concerned with the absorption of electromagnetic radiation, at a certain
precise frequency by a nucleus in an external static magnetic field, that induces a
quantum transition from lower spin to higher spin nuclear energy states. As the
separation of these nuclear levels is small, about 0.1 Jr per mole, NMR is a low energy
(low frequency) spectroscopic experiment with the inducing electromagnetic radiation
in the radio frequency band.
The NMR effect was first observed in protons ( 'H) independently by Purcell
et al [1] and Bloch et al [2] in 1945. One important discovery soon after this is that,
for a given nucleus in a given magnetic field, the frequency of energy that causes the
nuclear transition between spins states shifts slightly depending on the electronic
environment of that nucleus. This was first measured in metals in 1949 [3] and was
called the 'Knight' shift. This study was soon followed by a major contribution by
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Arnold et al [4] who reported the first spectra that showed separate lines for the
chemically different protons in a number of alcohols. The observation of this frequency
difference in non-metals (termed the chemical shift) was initially limited to liquid-state
matter, where the random motion of the surrounding molecules averaged away the
anisotropic interactions present, to give narrow NMR spectral lines producing
sufficient resolution of different environments. NMR became an important
spectrosopic technique for chemists in studies of the local environments of protons
( 1H) and carbon ( 13 C) in liquid organic matter. The extension of NMR to the
solid-state was slow and complicated. In solids the neighbouring molecules are
relatively fixed in position and their mutual interactions result in anisotropic distortions
of the applied field which broaden the spectral lines and mask the small differences in
the isotropic chemical shifts. The mechanisms of the line broadening of the NMR
spectra include the magnetic dipolar interaction, the anisotropic chemical shift
interaction and, for nuclei with spin I> 'A, the quadrupolar interaction. These will be
discussed in a later section.
The use of NMR spectroscopy in the study of inorganic amorphous solids,
particularly glasses, was first reported in 1958 by Silver and Bray [5]. Using a
continuous wave and broad line technique, they succeeded in observing the
quadrupolar nuclei of 11 B and determining the relative amounts of 3 and 4 fold co-
ordinated boron in alkali borate glasses. At that time the application of this technique
to the Si nucleus in silicate based glasses was less favourable. This is because of the
absence of a nuclear quadrupole moment in 29Si ( I = 1/2, dipolar moment ), which
causes the time for the experiment to be extremely long, and also because of its low
sensitivity due to the low natural abundance ( 4.7 % ) of magnetically active 29Si
nuclei. The advent of high-field superconducting magnets, improvement in
spectrometer hardware coupled with other techniques such as magic-angle spinning
(MAS ) NMR [6,7], decoupling [8,9] and cross polarization (CP) [10], have
extended the area of applicability of NMR spectroscopy methods from the structure
determination of 1 H and 13C in organic liquids and solids, to structural studies of
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many NMR active nuclei in inorganic solids. Following the first systematic study of the
29Si NMR behaviour of inorganic solids by Lippmaa et al [11], several studies of alkali
silicate glasses and crystals have been carried out. Dupree and Holland [12] gave a
review encompassing the structural determination for several glass systems and
ceramics by MAS NMR. Structural studies on minerals and glasses using NMR have
also been reviewed by Stebbins [13] and Kirkpatrick [14]. A more comprehensive
review of MAS NMR of glasses has been given by Eckert [15].
NMR is a powerful probe of the static structure and dynamic behaviour of the
condensed phase. It has many advantages over diffraction methods and vibrational
spectroscopy because it is atom-type specific, sensitive to symmetry and coordination,
site selective and sensitive to dilute components [16].
3.1.1 BASIC PRINCIPLES OF NMR
The phenomenon of nuclear magnetic resonance is based on the fact that nuclei
of certain elements possess a spin angular momentum p = ( h/27c )I and an associated
magnetic moment p. which are parallel and can be written as
j.t = ypy(h/2ir)I	 3,1
where y is the gyromagnetic ratio which is characteristic of the nucleus and I is the
nuclear spin number. Quantum theory demands that the allowable nuclear spin states
are quantized; and its z component, described by the quantum number mz takes up one
of a set of discrete values specified by the series,
mz = I, I - 1, I - 2, 	 	 3.2
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	 m = -1
A E i
Therefore each nuclide has 21 + 1 energy levels. In the absence of a magnetic field,
these energy levels are degenerate but in an intense magnetic field the interaction
between them and the field (the Zeeman interaction) lifts the degeneracy. Therefore if
an isolated nucleus of such an element is now placed in a static magnetic field Bo,
applied in the z direction , the magnetic moment interacts with the field such that
H = -11 . Bo = -y ( h/27c ) Bo Iz	 3.3
and the energy of a m state is given by
Em = - 7 ( h/2n ) Bo mz 	3.4
The energy levels are not identical but separated by an energy gap A E = 7 (bait ) B.
Thus the Zeeman splitting of the energy level has lifted the degeneracy of the nuclear
spin states. Figure 3.1 shows an example of the Zeeman splitting for I = 1— and I = 1 .
2
(b)I=1
E 	 	 EAE = 21.00 m =0
A E
r n  m=1
L
Bo
No field	 Zeeman interaction
	 No field
	
Zeeman interaction
Figure 3.1: Zeeman splitting of nuclear energy levels (a) I = % (b) I = I , the quadrupole splitting is
not shown.
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—yB0
27c 3.6
hence	 v0
The fundamental principle governing the NMR technique is the induction of
transitions between the different nuclear Zeeman levels of a particular nucleus. These
transitions can be stimulated by radiating an energy equivalent to the energy gap, that
is when they are in 'resonance'. In practice this is done by applying an oscillating
magnetic field B 1 of frequency vo perpendicular to the static field B 0, such that
h v0 = E
and
h v0
 = y ( h127c ) B0	 3.5
since co = 27cv
therefore	
-7 Bo	 3.7
where v0 is the resonant frequency in hertz and (.00 is the resonant frequency in
radians/second.
The resonant frequency is also known as the Larmor frequency. It is this
frequency, which is in the radio-frequency range, that is measured in an NMR
experiment. The classical picture of this happening is shown in Figure 3.2.
In samples consisting of a large number ( N ) of nuclei of a two level system
( I = 1/2 ) , in thermal equilibrium, in a field Bo, the relative populations of the higher
energy state, mz
 = -1/2 and lower energy state mz = 1/2
 are given by the Boltzman
distribution,
N..1/2 = NIA e-AE / kT	 3.8
Because of the small energy difference, the populations in the two levels are nearly the
same. Only a very few nuclei are present in excess in the lower energy state, for
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(a)
Bo
I -----------------------------
(b)
	 (c)
Figure 3.2 . : (a) The spinning positively charged nucleus produces spin angular momentum p and an
associated magnetic moment (b) The Larinor precession of the nuclear spin axis about the
direction of the static magnetic field B0 . (c) 110 magnetic field (B1 ) of frequency equal to the
Larmor frequency ( coo ) is placed at right angle to Bo ; resonance is triggered by the absorption of
energy into the nuclear spin system.
5 0
example about 1 in 10 5 for 29 Si in a magnetic field of 8.45T at room temperature, so
that the nuclear paramagnetism is weak and sensitivity low. Despite this, NMR has
become an important spectroscopic technique because, in addition to the Zeeman
interaction, some localised interactions are also present which perturb the Zeeman
splittings, resulting in a more informative spectrum. These are the chemical shift,
dipolar and, for I> ½, the quadrupole interactions. The feature of these interactions is
that they are anisotropic in the solid due to the relatively fixed orientations of the
molecules, whereas in solution average values are obtained due to the fast and
isotropic motion of the molecules. In a solid these interactions are responsible for the
line broadening of the NMR spectra and their relative importance will depend on the
nucleus being observed and the system under study. These will be discussed briefly in
the next section. Theoretical details of NMR can be found in Abragam [17], Harris
[18], Derome [19], Slichter [20], Farrar and Becker [21] etc.
3.1.2 CHEMICAL SHIFT INTERACTION
In the last section we saw that the fequency ( coo ) at which a particular
magnetically active nucleus will resonate when placed into a magnetic field Bo, is
given by equation 3.7:
(Do = / Bo
This equation was obtained by ignoring the presence of electrons around the
nucleus. In reality this is not the case. An isolated atom experiences a local
magnetic field different from the applied field because of the shielding caused
by the electrons surrounding the nucleus. Thus a nucleus experiences not the
magnetic field ( Bo ) that is applied to the sample, but rather the field that
has been altered by the interaction with the enveloping electron cloud
This interaction, called the chemical shift interaction, is experienced by
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Bi — Bret. _ vi -v ref
nuclei of all spin number. This interaction can either reduce B0 (diamagnetic
shielding) or enhance B0 ( generate a paramagnetic effect ). Hence the local field
actually experienced by a nucleus is
Bi = 130 ( 1 - csi )	 3 .9
where Bi is the field local to the i nucleus and ai is the shielding factor. Thus the
magnetic shielding factor depends on the electron density around the nucleus which in
turn is sensitive to its local environment. In the field Bi , the resonance frequency of
the i nuclei is given by
coi = 27c vi = y Bi = y B0( 1 - GO	 3.10
Thus the resonance frequency has now shifted from coo to coi . Each
crystallographically distinct site will undergo a different amount of shift from the
Lannor frequency depending on the environment. The position of various resonance
signals are usually compared with the resonance of a standard substance ( reference
frequency, oref ) and the chemical shift is defined as
8i = 'ref - cri — Bo	 vo
The Si is a dimensionless parameter expressed in units of 10-6 (ppm). Any influence
which reduces the electron density will reduce the shielding effect and the nucleus is
said to be deshielded; deshielding leads to an increase in the precessional frequency.
Therefore, for a particular nucleus, those nuclei in the least shielded environment
resonate at the highest frequency and by convention have the most positive chemical
shifts.
3 .11
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Generally, the electron distribution around a nucleus will not be spherical or
cubic but will have a definite directional character. Therefore the shielding factor (a) is
a 3 x 3 matrix or a second rank tensor. By a suitable choice of coordinate system, the
diagonal of the matrix gives the three principle components a, a 22, and cr33 which
serve to characterize the spatial electronic distribution around a nucleus and are chosen
so that 033  022  a 1 1 . Hence a is anisotropic and its magnitude will depend on the
orientation of the molecule relative to the applied field. In chemical shift terms the
shielding anisotropy is called chemical shift anisotropy. The shielding anisotropy AG
and the shielding asymmetry factor ri are defined in equations 3.12 and 3.13 below,
Aa = a33- 1/2 ( a. 1 1 + a22)
	
3 .12
1 '  a22 —all 
	
3.13
0 33 —aiso
In liquid or solution , the isotropic motion of the molecules average out the anisotropic
part of a and give the shift isotropic value given by,
a ll +a22 +G33 
also 3
Thus, in a liquid, well resolved MAR spectral resonances lines are observed from
which the isotropic value of the chemical shift is obtained. In solids the relatively static
nature of the structure does not permit the natural mechanism of line narrowing that
occurs in the liquid. For a single crystal in a fixed orientation to the field Bo, a single
sharp resonance line will be observed for each magnetically unique orientation of a
particular nucleus to the field direction. The positions of these lines will change as the
orientation of the crystal is changed. For powdered polycrystalline materials the
molecules are orientated in all possible direction with respect to Bo, resulting in an
3.14
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envelope of many resonance lines called a powder pattern shown in Figure 3.3. With
the additional variation of short range order and environments found in glassy
materials, the spread of chemical shifts is worsened and, when convoluted with the
powder pattern, can mask the detailed structural information of a spectrum.
Mathematical analysis has shown that chemical shift anisotropy in solids is
proportional to the term ( 1 - 3 cos29 ) [22], where the angle 8 determines the
orientation of the molecule with respect to Bo.
It has been said earlier that the screening factor, and therefore the chemical
shift, is sensitive to the local environment. Some of the variables which determine the
local environment and thus influence the chemical shift are given as follows [12]:
The coordination number
The shift range of 29Si is – -60ppm to -128ppm when tetrahedrally
coordinated to oxygen compared with -142ppm to -221ppm when octahedrally
coordinated to oxygen.
The type of nearest neighbour
The 29Si shift in quartz is -107.1ppm when tetrahedrally coordinated to four
oxygens compared to -48.5ppm when tetrahedrally coordinated to nitrogen
in 13-Si3N4.
Bond angles and length
The value of the Si-O-Si bond angle in ( Si207 ) 4- units has a strong effect on
the chemical shift which ranges from – -72ppm for 136° to – -95ppm for 180°. And a
change in shift of –lppm occurs for a bond length change of 0.0001nm in Si-0.
Connectivity of the structural unit
The connectivity of SiO4 tetrahedra units is described by Q 11 units where
0 s n s 4 is the number of bridging oxygens to other units. The ranges of 29Si
chemical shifts in minerals and glasses are shown in Figure 3.4 [28].
54
0=1= 
o2
( 61031. 1110"
cJ	 01
IIMERESEES
	 	 ,	
-60	 -70	 -80	 -90	 -100	 -110	 -120	 -190
Chemical Shift ( ppm from T.(S. )
3
-213
-210
a11 a22 a	 a33	 all = a22 a a33
(a)	 (b)
Figure 3.3 : Powder pattern lineshapes showing principal elements of the shielding tensor for
(a) lower site symmetry, (b) axial site symmetry.
Figure 3.4: The reported shift ranges for 29Si in minerals and glasses. White ranges are for glasses
[12] and dark ranges are for 'solid' silicates [24-23].
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Second coordination sphere
The replacement of a silicon in the next nearest neighbour shell by an
aluminium shifts the 29Si chemical shift by 5ppm.
Thus the chemical shift can give information about the local structure of a
nucleus.
3.1.3 MAGNETIC DIPOLAR INTERACTION
Besides the electronic diamagnetic effect, a nucleus i may experience the fields
associated with the presence of neighbouring spins. This is a coupling between two
neighbouring spins and is called magnetic dipolar or dipole-dipole interaction. There
are two types of interaction mechanisms; a direct coupling, through-space interaction
depending on the internuclear distances and an indirect or J-coupling, transmitted
through the bonding electrons [26]. The J-coupling usually observed in liquids is
completely independent of the value of static field B o [27] and in solids the effect of it
is negligible [28]. Consider direct coupling only. If two neighbouring nuclei i and j are
separated by internuclear vector r1 ( Figure 3.5 ), then, as each moment precesses
around the applied static field Bo, it generates an additional dipolar field at the site of
the other nucleus with two components; one parallel and one rotating perpendicular to
Bo.
For spins having identical resonant frequencies the rotating component of the
additional dipolar field will induce mutual energy conserving 'flip-flop' transitions that
serve as a mechanism for spin relaxation [29]. The parallel component of the additional
dipolar field Bd , experienced at nucleus i due to the magnetic momentp.j is given by
PoPj Bd — ±	 ( 3 cos2 0 - 1 )
47cr.3
3.12
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where [to is the magnetic permeability of a vacuum, 0 is the angle between rii and Bo
, and the ± sign refers to the spin alignment of the j nucleus (parallel and anti-parallel,
respectively) with respect to the applied field Bo. Thus the magnetic field that a
nucleus experiences when placed in an external field is dependent not only on the
magnitude Bo of the external field but also on the summation of parallel components
of dipolar fields ( Bd ) due to all possible pairwise interactions with the neighbouring
nuclei. Hence there will be a range of values for the magnitude of the additional field
from all the spins parallel to Bo to all spins anti-parallel to Bo which result in a spread
of the resonant frequencies and cause broadening of the line shape. In a solid these
additional fields are several gauss in magnitude and they can result in the broadening of
the line shape by several kilohertz [30]. However in the liquid state the molecular
motions are fast and the fluctuation of 0 time averages Bd to zero. Therefore dipolar
coupling effects are not observed at all in solution spectra [311
For spin 1/2 nuclei the dipole-dipole interaction is the dominant term of line
broadening of spectral lines and proportional to ( 3cos 20 - 1) [18].
3.1.4 QUADRUPOLE INTERACTION
The distribution of nuclear charge within a nucleus with spin I .. 1 is non-
spherical and this non-uniformity creates a nuclear quadrupole moment ( eQ ) [32].
The quadrupole interaction is the interaction between the nuclear quadrupole moment
( eQ ) and any electrostatic field gradient that exists at the nuclear site. The electric
field gradients can arise from electrons in the chemical bonds of the atom of the
nucleus and from charges on nearby atoms or ions. Since these electric field gradients
depend on the nature of the chemical bonds and the arrangement of ions around the
atom in which the nucleus is situated, the quadrupole interaction is a sensitive measure
of bonding and structure on an atomic scale [33]. For a particular nucleus where the
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interaction effect is large, the effect is observable directly by nuclear quadrupole
resonance (NQR) [22,34].
In the present of an external static field Bo this interaction will alter the nuclear
spin energy levels of the Zeeman splitting. As an example, the splitting of energy levels
for I 3/2 due to Zeeman and quadrupole interactions are shown in Figure 3.6. [35].
Generally its effect is of greater magnitude than the dipolar interaction, anisotropic
chemical shift and direct spin-spin coupling. Hence the quadrupole interaction
dominates over other interactions and produces a fine structure of resonance lines and
causes broadening [36]. The quadrupole interaction also provides a very efficient
relaxation mechanism of the spin state [34]. In high resolution NMR , the applied static
field Bo is very large and the quadrupolar interaction energy is assumed to be small
compared to the interaction between the nuclear magnetic moment and Bo. To a first
approximation the other interactions such as the dipolar, anisotropic chemical shifts
and scalar spin-spin couplings may be neglected in the total Hamiltonian ( H ) [31],
such that
H H Zeeman + H quadrupole	 3.13
and when calculating the energy, the quadrupolar interaction is therefore considered
as a perturbation on the Zeeman interaction [32]. It has been shown that for an axially
symmetric field gradient, the first order frequency splitting due to quadrupole
interaction is given by [17, 22,31]
3e(eqQ)	A v —	 ( 3cos20 - 1 )
4h
where eq is the electric field gradient and 0 is the angle between the principal
component of the electric field gradient tensor and the static external field Bo . Hence
the first order expression contains an angular dependence of the form ( 3cos20 - 1).
3.14
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Figure 3.6: I = 3/2 energy splitting due to quadrupole interactions.
3.1.5 MAGIC ANGLE SPINNING (MAS) NMR IN SOLIDS
The line broadening terms from the interactions discussed above contain the
term ( 3cos20 - 1), where 0 is the angle between the applied field and a vector r which
depends on the interaction. For the chemical shift and quadrupole interactions r is the z
component of their principal axis system. For the dipole-dipole interaction r is the
vector between two nuclei. For powder or polycrystalline samples all values of 0 exist
at random, so the lineshapes are broadened. By rapidly spinning the sample about an
axis at angle 0 to Bo ( Figure 3.7 ), the term ( 3cos 20 - 1) will be time averaged.
rotation axis
Figure 3.7 : Macroscopic rotation of a powder sample about an axis at angle 132.-54.7° to the
applied field Bo , showing the geometric relationships involved.
The time-average of ( 3cos20 - 1) about the conical path is given by
[18]
<3cos20 - 1> = 1/2 (3cos 20 - 1) (3coslx - 1)	 3.15
The angle x is fixed for a rigid solid but takes all possible values if the material
is a powder. For 0 = 5470, (3cos20 - 1) = 0, so that <3cos20 - 1> = 0 for all
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values of x . Hence, rapidly spinning the sample at 13 = 54.7° ( 'magic angle spinning' )
will eliminate the dipolar contribution to broadening and also reduces the effect of
chemical shift anisotropy and quadrupolar broadening, resulting in spectacular
improvements in resolution of the spectra [37].
The rapid sample spinning effectively adds an additional time dependent
Hamiltonian resulting in the formation of spinning sidebands [20] to the spectrum.
However their positions are dependent on the spinning speed whereas the actual
isotropic peak is not.
3.2 MOSSBAUER SPECTROSCOPY
Môssbauer spectroscopy is the study of the recoiless emission and resonant
absorption of y radiation. This phenomenon is based on the fact that a large fraction of
y radiation emitted from radioactive isotopes bound in solids is without individual
recoil. If the recoiless y photon impinges on another identical nucleus in its ground
state, the photon may be absorbed, resulting in the transfer of the nucleus to its excited
state. This effect, which is possible only because the energy of the photon is exactly
equal to the energy of the excited state of the second nucleus, is a case of resonant
absorption.
The Môssbauer effect was discovered by R.L.Mässbauer in 1957, while
investigating y-ray absorption in 191 h [38]. The property of the MOssbauer effect
which has raised it from a laboratory curiosity to a valuable and respected
spectroscopic technique lies in the narrow line-width of the nuclear transition [39-41].
The typical line width of — 10-8 eV is smaller than the characteristic values for the
magnetic dipole and electric quadrupole interactions of nuclei with their surrounding
electrons. Hence, the resonant absorption is extremely sensitive to energy variations of
the incident y radiation. For this reason small interactions between the nucleus and the
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orbital electrons, which are difficult to observe by usual methods can be detected by
the MOssbauer effect. It is thus the influence of the chemical environment on the 'y-ray
emission and absorption during nuclear transition that constitutes the basis of
applications of Môssbauer spectroscopy to structural investigations in solid-state
physics and chemistry.
Pollack et al [42] was the first to apply this technique in structural studies of
57Fe in fused quartz and pyrex glass, followed by Bryukhanov et al on 119Sn in a
sodium-aluminium-borosilicate glass [43]. Many studies on glass after that were
mostly confined to the nuclei of iron ( 57Fe ) and tin ( 119Sn ). Two excellent reviews
of the early Môssbauer work on glass can be referred to Kurkjian [44] and Wong &
Angell [45]. The resolution of this technique is extremely high, typically of the order of
1 part in 10 12, which makes this technique useful in studying changes in valence,
bonding and coordination in glass [45]. Although similar information can be sought
through NQR and NMR, an important difference lies in the possibility of studying
quadrupole moments in excited, as well as ground states [44]. Thus for iron and tin,
whose nuclei have no ground state quadrupole moment, this is the option. In cases
where NMR and other techniques are not applicable because of reasons such as line
broadening, this technique will complement the others. The important parameters
measured in the study of glass by Miissbauer spectroscopy are : chemical shift,
quadrupole splitting and recoil free fraction.
3.2.1 THE MOSSBAUER tiECT
The resonance absorption of radiation is a phenomenon encountered in many
branches of physics. The tuning fork experiment is an elementary example. In the
1920 it was thought that the same phenomenon should occur by using the y-ray
emitted during a transition to a nuclear ground state to excite a second ground state
nucleus of the same isotope, thus giving rise to nuclear resonant absorption and
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fluorescence [46]. In 1929, Kuhn [47] tried the first experiment but failed to detect this
resonant process. It was then recognized that nuclear recoil and Doppler broadening
'prevented detection. Continuing attempts to detect the resonance were motivated by
the fact that the emitted 7-rays are an unusually good source of monochromatic
radiation. This is shown by the Heisenberg uncertainty principle of energy and time.
The ground state of the nucleus has an infinite lifetime, therefore there is no
uncertainty in its energy. The uncertainty in time corresponds to the mean life time in
the excited state, "C, and the uncertainty in energy is given by the width of the statistical
energy distribution at half height, F. They are related by the equation,
FT  h / 2rc	 3.16
t is related to the half life, t 1/2 by t = in 2 x t 1/2 , therefore 3.16 can be written as
F —  0.693h	 3.17
2'1111/2
According to this formula, a typical nuclear excited state half life L A = 10-7 sec will
result in a linewidth , F = 4.6 x 10- 9eV. If the transition energy is 46 keV, the ratio of
linewidth to the emitted 7-ray is 10- 13 . Therefore the resolution of the 7-ray emitted is
1 part in 10 13 . This is very high when compared to other techniques listed in Table
3.1.
Thus , the 7-ray energy is so sharply defined that F is smaller than some of the
interactions of the nucleus with its environment, as shown in Table 3.2. Unfortunately
the 7-ray emitted can be degraded by nuclear recoil and Doppler effects mentioned
earlier.
63
Table 3.1: Energies and linewidths of various transitions [47]
Method Range of energy, E (e1) I (e	 for single crystal E / I
NAIR 10-8 to 10-6 1,9-14 to lo-8 106 to 102
EPR io-5 to io-3 lo-9 to >10-3 104 to 1
Massbauer 102 to 16.5 10-10 to io-4 io12 to lo9
Optical Absorption Bands in solid 0.1 to 1 0.1 to 1 10 to I
Zero phonon lines 0.1 to 10
— 10-3 10 to lo2
Table 3.2: Typical energies of nuclear and chemical interactions [46 & 48].
Môssbauer 7.-ray energies, Ey 104 - 105 eV
Chemical bonds and lattice energies I - 10 el'
Electronic transitions 0.5 - 5 el"
Molecular vibrations 0.05- 0.5 el'
Free atom nuclear recoil, ER and Doppler energies, ET) ia-4 - lo-lev
Lattice vibration phonon energies 149-3 - 10-16,17
Nuclear quadrupole coupling constants <10-5er
Nuclear Zeeman splittings <105e1'
Heisenberg linewidths, I lo-9 - io-6ev
3.2.1.1 RESONANCE ABSORPTION OF RADIATION BY FREE ATOMS
The effects of nuclear recoil and thermal energy can be understood by
considering the emission of 'y-rays from free atoms. Consider an excited isolated
nucleus of mass M, with energy E and moving with initial velocity V along the
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direction of the emitted 7-ray. Before emission the total energy above the ground state
is (E + 1/2MV2). When a 7-ray of energy Ey is emitted, the nucleus recoils backwards
with velocity v. From conservation of energy
E + 1/A4-N/2 .
 E+ 1/2m ( v + v )2	 3.18
Therefore the actual energy of the photon emitted is given by
Ey = E - 1/2Mv2 - MvV
= E - ER - ED	 3.19
The 7-ray is deficient in energy by a recoil energy, ER = 1/2MV2 and a thermal or
Doppler energy, E D = MvV. The recoil energy is independent of V. The Doppler
energy depends on V and can therefore be positive or negative. The conservation of
momentum gives,
MV=M(V+v)+Ey/c	 3.20
where the momentum of the photon is Ey/c and c is the velocity of light. From 3.20 the
recoil momentum is Mv = - E1/c, hence the recoil energy is given by,
E2
7 
ER = 2Mc2
and depends on the mass of the nucleus and the energy of the 7-ray. The mean Doppler
energy, 
—ED is dependent on the thermal motion of the nucleus and will have a
distribution of values which is temperature dependent, given by
2E k yED = Ey ( 	 ) 2
Mc2
3.21
3.22
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where Ek = 1/2 lc T is the mean kinetic energy per translational degree of freedom
and lc is the Boltzmann's constant and T is the absolute temperature.
As a result, the statistical distribution in energy of the emitted 7-ray is displaced
from the true excited-state energy by -ER and broadened into a Gaussian distribution
of width 2E D . The absorption distribution has the same shape but is displaced by
± ER . This is illustrated in Figure 3.8 and the order of the magnitude of ER and ED is
shown in Table 3.2. Nuclear resonant emission and absorption will only happen if the
energies overlap strongly. The recoil and thermal broadening prevent this. Before the
MOssbauer effect was discovered, ER was partially compensated by utilising the
Doppler effect by moving the emitter towards the absorber at very high velocity
( 102 - 103 m/s ) and broadening the linewidth by raising the temperature [49]. Both
result in only marginal overlap but degraded the resolution of the photon to about
1 in 107 [46].
3.2.1.2 RESONANCE ABSORPTION OF RADIATION BY ATOMS BOUND IN
A SOLID.
If the emitting atom is now in a crystal or solid, the recoiling nucleus is no
longer free but instead is fixed in the lattice network. The MOssbauer effect arises from
the fact that the emitting atoms are no longer able to recoil individually. From Table
3.2, we see that the recoil energy is of similar magnitude to the lattice vibration
energies. If the recoil energy can be transfered directly to vibrational energy, the y-ray
energy will be degraded. However, the vibrational energy of the lattice as a whole can
only change by discrete amounts of 0, ± ho, ± 2hco, 	 ,etc; where co is Einstein
solid vibrational frequency. Thus we can define the recoil free fraction, f ,as the
fraction of 7-photons emitted without transfer of recoil energy to the vibrational states
of the lattice i.e zero-phonon transitions. For many emission processes Lipkin [50] has
shown that f is given by,
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f = exp —6ER [ 1 +(—T ) 2
OD 4 eD
f eprrxdx
o ex –1i} 3.25
f = 1 -ER /Ixo	 3.23
Only these events give rise to the MOssbauer effect. Hence the zero phonon transition
or recoiless transition is often called the MOssbauer coefficient [40]. Both expressions
of ER (3.21) and ED (3.22) contain the reiprocal mass, 1/M. In a crystal or solid
containing – 10 15 atoms, M is large, therefore both the recoil energy and the Doppler
broadening become very small and much less than F.
Using a more quantitative approach, f can be related to the vibrational
properties of the crystal lattice [50 -52] by,
h 2 c 2
where <x2> is the mean-square vibrational amplitude of the nucleus in the direction of
the ?-ray. From this expression, f will only be large for a tightly bound atom with a
small mean square displacement and for a small value of E. To express equation 3.24
in a general and familiar quantities, a Debye model was used [40, 50-52] and gave the
following expressions:
–E 2 (x2 )
f = exp 3.24
From 3.25, it can be seen that f is large when OD is large ( a strong lattice) and when T
is small.
At low temperature where T « OD,
=	
R 3 + 7r2T2
1 3.26f	 exp [	
{
O D 2	 0 2
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3.27
3.28
and at absolute zero,
f = exp [ -3ER ]
2x0 D
In the high temperature limit where T>> 1/20 D ,
f = exp [ —6E  ]
1C0 h-
D
and where O D is a characteristic temperature called the Debye temperature, defined by
equation,
h = KOD	 3.29
In summary, the MOssbauer effect is the recoiless resonant emission or absorption
of y-rays by nuclei in a solid matrix. The recoiless emission and absorption can be
optimised for low-energy y-rays with the nucleus strongly bound in a crystal lattice at
low temperature.
3.2.2 THE MOSSBAUER SPECTRUM
The Mässbauer experiment is commonly done in transmission geometry. It
requires a suitable radioactive isotope in a solid matrix that becomes the 'source' of the
y-rays. The emission from this source is allowed to strike an 'absorber' ; a second solid
matrix containing the same isotope in its ground state. A detector is used to detect the
number of 'y-rays transmitted through the absorber. In order to actually trace out the
shape of the absorption spectrum, it is necessary to modulate the monochromatic
y-rays , so that they contain slightly different energies and the entire
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absorption line-shape can be recorded. As seen in Table 3.2 the total energy range of
interest, in cases where the level degeneracies are completely lifted, is of the order of
10-6eV. If the source and absorber are in relative motion with velocity v, then the
effective value of Ey, seen by the absorber differs from the true energy by a small
Doppler shift energy, e , given by
E =( V/C ) Ey	 3. 30
As an example for s = 10-6eV , Ey
 = 14.4 keV, and c = 3 x 10 10 cm/s (velocity of
light) , v is of about 2 cm/s. Therefore modulation of the 7-ray can be achieved by
moving the the source relative to the absorber with velocities of the order ± 1 cm/s.
For a nucleus ( 'absorber' ) having a similar chemical environment to the 'source', if
both are at the same temperature and if v is zero, the emission and absorption profiles
completely overlap and the absorption is at a maximum. For other nuclei in chemical
surroundings different from those of the source, the maximum absorption will be
displaced from v = 0. Any increase or decrease in v will decrease the overlap and if the
value of ± v is very large there will be no overlap and no absorption. It therefore
follows that the spectrum of the MOssbauer effect is a record of the intensity of
transmitted 7-ray beam as a function of the Doppler velocity v between the source and
absorber. The basic setup for a MOssbauer experiment and the typical MOssbauer
spectrum are shown in Figure 3.9.
The practical application of this measurement lies in the fact that the nuclear
states are weakly influenced by the chemical environment. It should be stressed that it
is possible to detect the extremely small pertubations in the nuclear energy level
because of the high definition of the 7-ray. There are three principal interactions : the
chemical isomer shift, electric quadrupole and in the case of magnetic materials, the
magnetic hyperfine interactions.
Tin is diamagnetic, and therefore there are normally no intrinsic magnetic fields
effective at the 119Sn nuclei, hence the tin nucleus does not shows intrinsic magnetic
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Figure 3.8: The statistical distribution of the }-ray energy : (a) Emission (b) Absorption (c) The
resonant overlap for successive emission and absorption. Illustration taken from [46].
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Figure 3.9: The basic setup for a MOssbauer experiment and a typical transmission spectrum.
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hyperfine splitting [52]. Therefore, only the chemical isomer shift and the electric
quadrupole interactions are important and they will be discussed in the next sections.
3.2.2.1 THE CHEMICAL ISOMER SHIFT
The emission and absorption lines are only centered at the same energy if the
corresponding nuclei are in similar environments and at the same temperature. For
such cases the absorption maximum of the MOssbauer spectrum is centered at v = 0.
This is not very often the case because nuclei in chemical surroundings different from
those of the source have slight differences in transition energies. The energy difference
is caused by a change in the electric monopole or coulombic interaction between the
electronic and nuclear charges. This is seen as a shift of the absorption maximum away
from v = 0 and is known as the chemical isomer shift or isomer shift. The first
observation of an isomeric shift was made by Kistner and Sunyar [53] in 57Fe.
The isomer shift ( ) has been shown by Walker, Wertheim & Jaccarino [54]
to describe the energy difference for the same nuclear transition in two atomic nuclei
as the result of changes in the s-electron density at the nucleus as shown in
Figure 3.10. Therefore the isomer shift, 8 , is defined as the difference in energy
between the nuclear transitions in the source ( Es) and absorber (Ea) given by [54],
2nZe2 
8 = Ea - Es —	 5
	
[I Wa (0)12
 - I Ws (0)12 [ R2ex R2gd
Where -e 1 Nis(0) 12 and -e 1 xva(0) 12 are the electronic charge density at r = 0
respectively for source and absorber and R = nuclear radius of excited (ex) and ground
(gd) states. If the nucleus changes its radius by a very small increment 8R,
Rex Rgd R , 331 can be written as,
3.31
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8 = Ea - Es	 4 rcZe
2 R2 811
5	 ( R MiWa(0)12 - i‘Vs(0)12]
	
3.32
where ( —8R ) is the fractional change in the nuclear charge radius between the ground
R
and the excited states. This can be related to the measured shift in Doppler velocity
units, v, by v = ( c/ Ey ) 6. Since only a difference in source and absorber energies
is measured , the measurement of the shift must specify both the source and absorber
materials. Equation 3.32 is a product of a chemical term i.e the electron density at
r = 0 and a nuclear term ( the change in nuclear radius, SR ).
The main factor affecting the magnitude of 8 is the chemical term i.e the
s-electron density at the nucleus since p, d, and f orbitals have zero density at their
nuclei. The p, d and f electrons indirectly affect the s-electron density via
interpenetration shielding of the s-electrons. For example a 3d 54s 1 configuration will
have a larger value of 1 Nis (0) 1 2 than 3c/64s 1 because in the latter case the extra d-
electron shields the 4s-electron from the nucleus. The s-electron density is determined
mainly by the valence state of the atom and on the details of the bonding of the
nucleus. Thus the isomer shift can provide information on the valence state, bonding
and coordination of the MOssbauer nucleus. The isomer shift is a monotonic function
of the s-electron density at the nucleus [55]. The chemical shifts of 1195n given in
Table 3.3 can serve as an example. The neutral tin atom has 14 electrons outside the
krypton core; their configuration is 4d10 52 5p2, so that in the 4+ state, tin has no
outer s electrons, whereas in the 2+ state, it is assumed that the higher energy 5p2
electrons are removed, leaving two 5s2 electrons. In its four-covalent bonding the
configuration is 5(sp 3), i.e. there is only one s electron. The chemical shifts reflect
these structures almost linearly [56] as shown in Table 3.3.
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Table 3.3: Chemical Shill of some 119Sn compound [48].
Valence state Electron configuration Chemical shift relative to Sn0 7 (min's)
Sn4+ 5s05p0 0
a-Sn (gray) 5sp3 2.0
Sn2+ 5s25p° 3.7
3.2.2.2 ELECTRIC QUADRUPOLE INTERACTION
The quadrupole splitting observed in MOssbauer spectroscopy is very similar to
that observed in NMR [44] and NQR [57]. The latter are concerned with radio-
frequency transitions within a hyperfine multiplet of a ground state nucleus. The
former is a y-ray transition between the hyperfine multiplets of the nucleus in its
ground and excited states. Nuclei whose spin I = 1/2 are spherically symmetric and have
a zero quadrupole moment; thus the ground state of 57Fe and 119Sn, with I =
cannot exhibit quadrupole splitting. But for such nuclei the excited state has spin
I = 3/2 and therefore a quadrupole moment. The interaction of the nuclear quadrupole
moment with the local electric field gradient tensor at the nucleus is quantised and
splits the nuclear sub-states. The local electric field gradient is a 3 x 3 tensor. With a
suitable choice of coordinate system, this can be reduced to a diagonal form so that it
can be completely specified by three component : V,, Vyy, Vzz with VXX+ Vyy +
VZZ = 0. The asymmetry parameter,ri, is defined by
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where Vzz = eq is the largest component of the field gradient so that I VzzI > IVxx
I V	 IYY
The interaction between the nuclear quadrupole moment and the electric field
gradients is expressed by the Hamiltonian [39, 48, 52],
B= e2qQ [31z2 _1(J+1)+1_1 (i+2 +
41(21—i)	 2
where I+ and L. are raising and lowering operators, eQ is the nuclear quadrupole
moment and I is the total nuclear spin number. For an axially symmetric field gradient,
such that Vxx = V, the z component of the split of the energy level is given by
EQ(mz)—  e
2 qQ	 [3%2-1(I+1)]
41(21—i)
where mz
 is the spin quantum number in z the orientation. Because of the m z2 term in
3.35 the degeneracy is preserved for states having the same value Of mz . The splitting
between two sub-states is given by
AEQ = EQ (3/2 ) - EQ ( 1/2 ) = 1/2 e2qQ	 3.36
The quadrupole splitting in 57Fe is shown in Figure 3.11 as an example.
The electric field gradients have their origin from two effects: they are (a)
from the electrons with / 0 that occupy the unfilled electronic orbitals , and (b) from
charges on neighbouring ions [57]. Since the field gradient varies as the inverse cube
of distance, the most important contribution comes from the unfilled orbitals of the
atom. Thus, for example the dominant contribution to the electric field gradient of the
tin(11), if in 5p3 hybridization, arises from the excess contribution ofpz to the lone pair
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Figure 3.11: Quadrupole splitting in 57Fe.
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3.37
over that of px and py orbitals. Therefore the quadrupole splitting can give a measure
of the symmetry of the environments around a Môssbauer nucleus. In glass, together
with the isomer shifts, the quadrupole splitting can be discussed in terms of bonding
and the formation of non-bridging oxygens [58].
3.3 VISCOSITY
The relationship between viscosity and temperature for glasses is very
important in the technology of glass making. It is the determining parameter in the
course of glass fabrication processes. That is, in the course of glass melting, refining,
working, shaping and annealing. In making glass-ceramics, the selection of optimum
heat-treatment temperatures is partly governed by the viscosity-temperature
characteristics of the glasses [59]. Other than temperature, the viscosity of glass can
vary enormously with its structure and composition [60]. Hence, the viscosity of a
glass depends on the bonding forces between different types of ion groups, the extent
of linking and on the deformability of the ions. Thus the viscosity-temperature and
viscosity-composition relationships can provide a better understanding of the structure
of a glass.
3.3.1 DEFINITION OF VISCOSITY
Viscosity is a property of fluids, including glass. The viscosity , and fluidity,
f, are the reciprocal of each other:
Viscosity is a measure of resistance to shearing action between liquid layers. Figure
3.12 shows a liquid, confined between two parallel planes of area A and at a constant
distance apart. If the lower plane remains stationary but the upper plane moves at a
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dv i
constant velocity vo; a constant transverse velocity gradient — in the liquid is created.
dy
This is a laminar flow in which the liquid velocity is vo at the upper plane and zero at
the lower plane. To maintain this motion a force F is applied to the upper plane in the
direction of its motion in order to overcome the internal friction within the liquid. By
Newton's law of fluid friction, the shearing stress ( —F ) at either wall is proportional to
A
the velocity gradient ( —dv ). Therefore, the definition of viscosity may be formalised as
dy
the ratio of shear stress, —F to the velocity gradient of flow, —dv . Thus the viscosity is
A '	 dy
given by,
Fdy1 – Adv
Equation 3.38 is only valid when vo is below a certain value. If vo is high enough,
turbulent flow may develop and the formula is no longer applicable. Fortunately , this
flow is never encountered in a glass melt because of its high viscosity. The equation is
valid for Newtonian fluids which is normally true for glasses above the transformation
range. The S.I unit of viscosity is Nm-2s or Pa s (Pascal second). In cgs unit, it is
dyne cm-2 s or P ( Poise ) . Therefore, 1 Pa s = 10 P.
3.38
Figure 3.12: Viscosity. More viscous materials require a higher shear stress per unit flow rate
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33.2 REFERENCE POINTS VISCOSITY FOR GLASS
The viscosity of glasses which is required by many technological practices is in
the range 1 to 10 13.5 Pa s. During melting and refining the glass melt, the viscosity
should decrease down to 10 Pa s. The glass viscosity will increase when the glass melt
starts to undergo the process of making a glass article. At every stage of the process of
making a glass article, the glass must maintain a certain viscosity range and, to help the
technologists determine this viscosity range, international reference points viscosity
have been established. [61]. This is done by defining the viscosity-temperature
relationship in terms of certain characteristic temperatures at which the glass attains
particular values of viscosity. This is shown in Table 3.4.
Table 3.4: Characteristic temperatures with corresponding viscosities for glasses
Characteristics Temperature ( t ) Viscosity ( Pa s)
Working point, t 3 /03
Flow point, t4 104
Fibre softening point, t6 6 106,6
Dilatometric softening point, Afe i010_ 1011
Annealing point, t 1 , 4 1012.4
Strain point, t I 3 6 1013.6
Transformation range, te 1013.5 - 1010
The working point is the temperature at which the glass fabrication operations can be
carried out. The fibre softening point is the temperature at which a uniform fibre 0.5 to
1.0 mm diameter and 22.9 cm long elongates at a rate of hum/min under its own
weight when heated at a rate of 5°C /min. under standardized conditions. The
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dilatometric softening point is the temperature at which viscous flow exactly
counteracts thermal expansion during measurement. The annealing point is the
temperature at which internal stress is substantially relieved in 15 minutes. The strain
point, representing the lower end of the annealing range is usually taken to be the
temperature at which glass can be annealed commercially in 16 hours.
3.3.3 VISCOSITY EQUATIONS
Viscosity values are temperature sensitive, decreasing exponentially with the
absolute temperature, T. The viscosity ri fits an Arrhenius-type equation over a wide
range of temperature:
E
ri = A exp ( /I )
RT
where A is a constant, R is the gas constant and En is the activation energy of viscous
flow. At sufficiently high temperature, deformation in glass can occur by isotropic
viscous flow. Groups of atoms, such as silicate islands, rings, or ions ,move past one
another in response to the stress, permitting deformation. The activation energy, En
gives a measure of the ease with which such groups of atoms move past one another.
The addition of modifiers , such as Na20, breaks up the network structure. This
permits the atom groups to move easily, reduces En and reduces the viscosity and
strength of the glass. Thus a knowledge of the viscosity-temperature relationship of a
glass can give some information about the glass structure.
A more accurate viscosity-temperature fitting equation was introduced
independently in the 1920s by Vogel, Fulcher and Tammann and Hesse [62]. It is
sometimes referred as VFT (Vogel-Fulcher-Tammann) equation but most commonly
as the Fulcher equation, given as
ET,
i = A exp [ 	 ' ]
T — To
3.39
3.40
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where A, Ei and To are constants for a particular melt. This equation gives a very
good representation of the variation of viscosity with temperature over a wide
temperature range and can be very useful practically for interpolation purposes [63], if
one has a good reason to believe that the equation is obeyed for a particular glass.
Therefore, in principle, it only needs the viscosity to be measured at three temperatures
to obtain the complete viscosity-temperature relationship.
3.3.4 METHODS OF VISCOSITY MEASUREMENT
As pointed out earlier, the range of viscosity which is of interest in the
manufacture and use of glass is very wide ( 1 to 10 13.5 Pa s ). It is not possible to
measure the whole range of viscosity by any one method. The viscosity , measurement
methods can be divided into two groups: one for measuring the low viscosities (high
temperatures) and the other for measuring high viscosities.
3.3.4.1 ROTATING CYLINDER VISCOMETER
The rotating cylinder viscometer is the most widely used method for measuring
viscosity of glasses at high temperatures over the range of 10 to 105 Pa s. The
apparatus and measurement principles have been described by Dietzel & Bruckner
[64]. Basically its consists of two cylinders A and B. Cylinder B is suspended co-
axially in A from a torsion wire. The space between the two cylinders is filled with the
glass and heated. The outer cylinder A is rotated at a constant speed of 0 radian/s, so
producing a torque, T, in the inner cylinder. T is measured by measuring the angle of
twist at the lower end of the torsion wire. The equation used to calculate the viscosity
by this method is
80
2 2
- r.
( 47cOL 
) o	 1	 3.41
2 2r T.
0 1
where T is the torque which causes the twist in the rotating cylinders, n is the angular
velocity, L is the effective length of the cylinder, rc, , ri are the external and internal
radii of the cylinders respectively. By slight modification to the apparatus descibed by
Dietzel & Bruckner above, Napolitano et al [65] were able to measure a wider
viscosity range of 1 to 10 9 Pa s.
3.3.4.2 PARALLEL PLATE VISCOMETER
This method has been described by Hay [66] and Fontana [67]. This method
gives accurate results over the viscosity range 104 to 10 8
 Pa s. It uses a sample in the
form of circular glass disc which is sandwiched between metal plates. This
arrangement is heated to the target temperature where the viscosity is to be measured.
After some soaking time is allowed, for the temperature to equilibrate, a load is
applied normal to the plate surfaces. The change in the distance between the plates is
measured. The equation used to calculate the viscosity is,
— 8.7cMg
3V2 h-4 — h-4
where M is the applied force, g is gravity acceleration, t is time, V is the sample
volume, 110 and h are the initial and final thickness of the sample respectively.
3.3.4.3 PENETRATION VISCOMETER
High viscosities (above 10 8
 Pa s) are usually determined from the extension of
a fibre under load, but the penetration viscometer can also be used over this range. The
4.42
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indentation method is another name for this method. It was first used by Cox [68],
using a sphere to penetrate a flat glass surface. Heynes & Rawson [69] used a similar
method, employing a Nimonic indenter placed at the end of vertical alumina rod. The
flat glass sample is heated in a furnace to the desired temperature. After thermal
equilibrium has been reached, the indenter is pressed on the glass surface for a few
seconds to half an hour depending on the viscosity. After cooling the sample, the
diameter of the imprint is measured from which the depth of penetration, z is
calculated and then the viscosity can be calculated using the formula,
9P 
11 = ( 321/I5 ) ( --.62
t )
where P is the applied load, D is the diameter of the indenter and t the time of the
penetration. However, this method needs the sample to be withdrawn from the furnace
and cooled down before another experiment can be done and hence limits the practical
usage. Douglas et al [70] described a more practical penetration viscometer,
employing an optical lever to measure the depth of penetration of the spherical
indenter into the glass and succeeded in measuring viscosities around 10 11 Pa s with
±2 % accuracy. Mekhail [71], improved the techniques by employing a Linear Voltage
Displacement Transducer (LVDT) and a two channel chart recorder that
simultaneously recorded the depth of penetration and time as well as temperature.
Viscosities in the range of 107 to 10 12 Pa s can be measured with ±1.5 % accuracy.
Whetton and Hall [72] improved the apparatus by employing a balance beam coupled
to an LVDT and computer and reported that the apparatus is capable of measuring
viscosities over the range of 10 to 10 12 Pa s with about ±1 % error.
3.43
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Chapter 4 - Experimental Materials and Techniques
This chapter presents the experimental materials and techniques used in this
research, ranging from glass preparation and compositional analysis to techniques used
for structural and physical property studies.
4.1 GLASS PREPARATION
Two types of glass systems, prepared by conventional melting, were studied in
this research. They are : (1) Simple, binary SnO-Si02 glass and (2) Complex,
tin-doped float glass.
4.1.1 BINARY SnO-Si02 GLASS
The starting materials for the preparation of the glass were Wacomsil quartz
( 99.9 % Si02 ) and Johnson Matthey's, reagent grade stannous oxalate ( SnC204 ).
The choice was based on the work of Keysselitz and Kohlmeyer [1]. Stannous oxalate,
on heating to glass forming temperatures, decomposes as
SnC204 = SnO + CO + CO2 	 4.1
SnO , being metastable, disproportionates to Sn02 and Sn (tin metal) according to
2SnO —> SnO2 + Sn	 4.2
However, in the presence of Si02, stannous silicates glasses can be formed. The
amount of SnO in the glass depends on how successfully we can prevent reaction 4.2.
The disproportionation of SnO to Sn02 and metallic Sn has been studied by several
workers [2-4]. Although little agreement exists between the available data, the
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disproportionation appears to occur between 350°C and 700°C. According to Volf
[5], the disproportionation of SnO follows the equation,
7SnO = 5SnO + SnO2 + Sn	 4.3
which attains a constant value at temperatures  725°C. Thus about 29% of the initial
SnO content will be lost to Sn and Sn02 and 71% retained as SnO.
Approximately 100g batch mixtures of Wacomsil quartz and stannous oxalate
in the appropriate amounts were thoroughly mixed by rolling and were then
compressed into cylindrical pellets. These pellets were tightly packed into an alumina
crucible and melted — 100°C above the liquidus temperature based on the phase
relations [6] shown in Figure 4.1. After approximately one hour, the crucibles were
withdrawn from the electric furnace and the melt quenched to glass in the crucibles, in
air. The crucibles were then transferred to an annealing furnace, maintained at 400°C
for one hour and then slowly cooled to room temperature. The nominal compositions
of the glasses ranged from 20 to 80 mol% SnO, but the disproportionation of SnO to
Sn02 and Sn resulted in a Sn02 crust on the surface of the melt, globules of Sn metal
at the bottom of the crucibles and glass in the middle. By cutting and grinding away
the crucibles, homogenous SnO-Si02 glass pieces were separated. The nominal
composition, melting temperature and time, the optical quality and amorphicity of the
glasses prepared in this system are given in Table 4.1. In order to facilitate the 29Si
MAS NMR experiments, a paramagnetic impurity ( 0.1 mol% Fe203 ) was added to
all samples except TS3. This is to reduce the relaxation time of the 29Si nucleus, since
this is typically 20-60 minutes in undoped samples.
Preparation conditions were optimised to minimise the disproportionation of
SnO to Sn02 and Sn metal and also oxidation of SnO to Sn02 by:
(a) Melting the mixture as compressed pellets so that the volume of air in the mixtures
is minimised and more mixture can be placed in the crucibles.
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Figure 4.1: The phase relation for the SnO-Si0 2 glass system [6].
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(b) Covering the crucibles but leaving a very small opening so that the evolution of CO
and CO2 gases from the stannous oxalate expelled the air from the crucibles and the
low oxygen partial pressure of the gas mixture minimised the oxidation of the melt.
(c) Based on the graph of the standard free energy of formation of oxides as a function
of temperature compiled by Ellingham [7] and Richardson & Jeffes [8], reaction 4.2
could be minimised by heating the mixture quickly to the melting temperature.
Table 4.1: Nominal composition, melting temperature and time, optical quality and amorphicity of
SnO-SiO 2 glasses
Sample Nominal composition (mot%)
SnO	 SiO 7
Melting temp ( CC) /
time (min)
Colour and optical
quality
XRD of glass
*7'S1 10	 80 1600 /45 homogenous light
yellow clear glass with
murky green parts
amorphous
TS2 32	 68 1350 / 45 yellow
homogenous
clear glass
amorphous
TS3 33.3	 66.7 1350/ 45 yellow
homogenous
clear glass
amorphous
TS4 40	 60 1350/50 deep yellow
homogenous
clear glass
amorphous
.
TS5 47.2	 52.8 1200/50 very deep yellow
homogenous
clear glass
amorphous
TS6 50	 50 1000/ 40 very deep yellow
homogenous
clear glass
amorphous
7'S7 60	 40 1150/50 yellowish orange
homogenous
clear glass
amorphous
TS8 65	 35 1200/50 yellowish brown
homogenous
clear glass
amorphous
TS9 70	 30 1200/50 brown
homogenous
clear glass
amorphous
7S10 75	 25 1200/ 50 deep brown
homogenous clear
glass
amorphous
TS11 80	 20 1200/50 reddish brown
homogenous clear
glass
amorphous
* For glass sample TS1, the murky green parts were discarded by cutting and grinding ED.A' analysis
has shown that the murky green part has a very high aluminium content.
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By this method an average of 84% of the initial SnO content could be retained in the
glass as given in the analyzed compositions in Table 5.1 (Chapter 5).
4.1.2 TN-DOPED FLOAT GLASS
Tin-doped float glass samples were made with the objective of simulating the
tin concentration in the tin contact side of industrial float glass. The procedures for
making this glass are as follows.
The starting materials for making this glass were powdered float glass and
reagent grade stannous oxalate (SnC204). The powdered float glass was made from a
block of 19 mm thick float glass sheet supplied by Pilkington. To remove the tirL €ortx
the float glass, about 1 mm of both surfaces were first removed and the remainder was
broken into small pieces and melted in a platinum crucible for 1 hour at 1400°C. The
molten glass was poured into deionized water to turn it into fit glass. The fit glass
was then ball milled for 48 hours with two sizes of magnesium silicate balls and
methanol as the milling medium. The resulting slurry was dried in open air for three
days to obtained a fluffy white powder. The white powder was then dried at 90°C for
1 hour before being passed through 3 sieves going 180 pm --> 68 gm --> 38 p.m. The
analyzed composition of the powdered float glass is given in Table 4.2. The analysis
was carried out by Pilkington Technology Centre, Lancashire England.
Appropriate amounts of powdered float glass and stannous oxalate were
homogenised by rolling. Six batches were prepared, with nominal compositions of 2.5,
5, 7.5, 10, 12.5 and 15 wt.% SnO. Stannous oxalate on heating decomposes to SnO
and gives out CO and CO2 gases which kept the melt under fairly reducing conditions.
Under this condition SnO will nonetheless fairly readily oxidize to Sn02 and the
presence of alkali oxide [9] will enhance the solubility of Sn02 in the glass. As a result
of this, the tin-doped float glass will contain varying amounts of tin in different valency
states , thus simulating the tin contact side of the industrial float glass.
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The first attempt to prepare the samples was carried out by melting in alumina
crucibles at temperatures between 1500°C and 1700°C in air. However, the high
viscosity of the melt when casting indicated that Al203 from the crucibles had
contaminated the melt. Chemical analysis showed that the increase in Al203 content of
the samples is between 600 to 1700% of the original Al203 content of the float glass
composition. Therefore these samples do not correspond to the usual float glass
composition and were discarded.
In the second attempt Al203 contamination was avoided by melting the glass
using translucent silica crucibles of 99.6% Si02 purity. The glasses were melted in air
at 1400°C for 1 hour. The furnace temperature was then increased to 1500°C. After
refining for about 15 minutes the melt was easily poured into a mould, before being
annealed at 600°C for 1 hour and subsequently cooled to room temperature. The
nominal compositions, melting conditions and optical quality of the tin-doped float
glass samples prepared are shown in Table 4.3.
Table 4.2 : Analyzed composition of the powdered float glass called PKO
Major Mole %
SiO 2 73.9
Na20 12.1
CaO 8.1
MgO 3.9
Al20? 1.1
*Minor component 0.9
Total 100
* -As203 + IC20 + S03 + Fe203 + TiO2 + Zr02
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Table 4.3. Preparation conditions and optical quality of tin-doped float glasses
Samples Nominal wt.%
of SnO added
to float glass
Melting
conditions
Colour and optical quality
PK2.5S 2.5 1400`C for 1 hour
and 1500CC for 15
minutes
Bluish, homogenous, bubble-free,
clear glass
PK5S 5.0 1400CC for 1 hour
and 1500`C for 15
minutes
Bluish, homogenous, bubble-free,
clear glass
PK7.5S 7.5 1400`C for 1 hour
and 1500`C for 15
minutes
Greenish, homogenous, bubble-
free, clear glass	 .
PK1OS 10 1400 CC for I hour
and 1500 `C for 15
minutes
Greenish, homogenous, bubble-
free, clear glass
PK12.5S 12.5 1400`C for 1 hour
and 1500CC for 15
minutes
Greenish, homogenous, bubble-
free glass with some small patches
of white obscuring phase of
undissolved Sn02. Parts that have
this obscuring phase were
discarded.
PK15S 15 1400`C for 1 hour
and 1500CC for 15
minutes
Greenish, homogenous, bubble-
free glass with some small patches
of white obscuring phase of
undissolved Sn0 2. Parts that have
this obscuring phase were
discarded.
As seen in Table 4.3, some undissolved Sn02 had crystallised out of the glass samples
PK12.5S and PK15S with the initial SnO contents of 12.5 and 15 wt.% respectively.
This is an indication that both samples had the maximum amounts of Sn02 that can be
dissolved in them.
9 2
4.2 COMPOSITIONAL ANALYSIS OF GLASS
The nominal compositions of the glass samples do not remain the same after
melting the glasses. This is especially true for the tin contents of the glasses because of
the disproportionation and oxidation of SnO during melting. The final composition of
the glass is important since it is an essential factor in the structural analysis.
4.2.1 BINARY SnO-Si02 GLASS
The SnO content of the glass in this system was determined by a titration
method both at Warwick and at Pilldngton Research Laboratories. Approximately 0.3
g of powdered glass was mixed with 3 g of Na011 and "Na202 in a weight. ratio a 1-.2
and gently fused in zircosil or nickel crucibles. After cooling, the contents were
extracted by 100 ml concentrated HCI acid into a conical flask. While warming the
flask, the contents were reduced by 1 g of iron and 2 g aluminium powder under CO2
gas in order to prevent Sn2+ from oxidizing to SO +. This solution was cooled and
then titrated with N/100 iodine solution which had been standardized against
spectrographically pure tin by the above method. The Al203 contamination of the
glass was determined by chemical analysis at Pillcington and by quantitative NMR at
Warwick. EDX analysis to find the approximate chemical composition was also carried
out at Warwick. All analyses were consistent to within 2%. The Si02 content of each
sample was calculated by difference.
4.2.2 TIN-DOPED FLOAT GLASS
The compositional analysis on this glass were carried out by Pilkington
Research Laboratories. The techniques employed were wet chemical analysis, x-ray
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fluorescence analysis and atomic absorption spectrophotometry. The relative amounts
of Sn2+ and SO+
 were determined by chemical analysis at Pilkington and by 1195n
MOssbauer spectroscopy at Liverpool University.
4.3 STRUCTURAL TECHNIQUES
The two main structural techniques used in this research are NKR. and
Môssbauer spectroscopies. For the binary SnO-Si02 system 29Si NMR, 119sn Nm-R
and 119Sn MOssbauer spectroscopies were used. For tin-doped float glass only 119sn
MOssbauer spectroscopy was employed.
4.3.1 NUCLEAR MAGNETIC RESONANCE
The 29Si and 119Sn NMR spectra were recorded at ambient temperature using
a Bruker MSL 360 spectrometer ( Multipurpose Solid and Liquid : proton frequency
360 MHz )[10] and the pulsed Fourier Transform method. The spectrometer operates
in conjunction with an 8.45 T Oxford superconducting cryomagnet with a wide bore of
89mm [11]. This magnet achieves high field homogeneity via a set of shim coils. An
Aspect-3000 computer, using the DISMSL program, control all the operations of data
acquisition, data manipulation, storage and plotting. Figure 4.2 shows the block
diagram of the Bruker MSL 360 spectrometer.
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Figure 4.2 : A schematic diagram of the main components comprising the Bruker MSL 360
spectrometer
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The spectrometer is compatible with a variety of probes; static and both single
and double bearing sample spinners. The specimens were crushed into a fine powder
and compacted into the sample holder which was then placed inside the coil of the
Bruker NMR probe.
29Si NMR
The 29Si spectra were first recorded using the static probe, Bruker Z33v HP.
The tuning frequency is 71.535 MHz. A short 2 pts pulse width and 5 s relaxation delay
were used, resulting in an accumulation of about 1000 scans in 1 hour. The data were
Fourier transformed and the resulting spectra were broad, about 40 ppm at FWHM.
To reduce the spectral broadening from anisotropic interactions and thus allow
for higher resolution of the spectra, spinning the sample at the magic angle was
essential. This was accomplished by spinning the sample in a Bruker cylindrical
zirconia spinner of internal diameter 5.5 mm, external diameter 7 mm and length 17.7
mm. Since spinning with this spinner was very sensitive to sample imbalance, finely
powdered sample and careful packing of the sample were required in order to achieve
smooth fast spinning. The probe used was the Bruker Z 33.6 DR - MAS - 7DB. It
was not necessary to remove this probe to change samples as this could be achieved
via a separate compressed air powered insert/eject system at the top of the magnet.
Spinning was powered by dry compressed air and monitored by an optical ratemeter.
All samples were spun at a rate of 3.5 kHz inside the probe COil which was oriented at
the magic angle ( 54.70) to the magnetic field ( 8.54T).
Associated hardware included a low power broad band transmitter and a
preamplifier box to match and tune the carrier frequency. Operation of the
spectrometer required calling a reference file for the 29Si nucleus, tuning the operating
frequency, setting the acquisition parameters and shimming the magnet. A pulse width
of 2 !is and a relaxation delay of 5 s were used and data of about 1000 scans were
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accumulated. The data in the form of a HD (Free Induction Decay) was then Fourier
transformed to produce the chemical shift spectrum. For further details on the
spectrometer, its operation, computer control, creating a reference file and data
processing the reader is referred to references [12 -16].
The 29Si chemical shifts were measured relative to the 29Si chemical shift of
the tetramethylsilane ( TMS ) standard. The Si nuclei in TMS are structurally
indistinguishable, with four methyl ( CH3 ) groups being symmetrically arranged
around a central Si atom. Tetramethylsilane [ (CH3) 4Si ] has a single resonance at the
high frequency end of the 29Si spectrum. Most other chemical shifts are on the low
frequency side of this peak and therefore have negative values. The typical FWHM of
295i MAS NMR spectra of the glasses studied were about 20 ppm as compared to 40
ppm for the static spectra.
119Sn NMR
The 1195n spectra were first recorded using the static probe, Bruker Z33v HP.
The tuning frequency is 143.296 MHz. The resulting spectra were very broad
( FWHM r=, 900 ppm ). MAS NMR of 119Sn spectra were then recorded using a Doty
Scientific, 360 MHz, double-bearing probe and utilising a 5 mm outer diameter silicon
nitride spinner with two fluted ends. Spinning rates of 8 - 10 kHz were achieved with
these spinners. The resulting spectra were still very broad but clearly showed that,
there were two tin sites in the glasses. The spectra of the glasses were compared with
1195n NMR spectra of crystalline SnO and Sn02, recorded under identical conditions.
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4.3.2 MOS SBAUER SPECTROSCOPY
The 1195n Môssbauer spectroscopy experiments were conducted in
collaboration with Professor C.E. Johnson and Miss K.F.E. Williams of the Physics
Department , Liverpool University. The MOssbauer spectra were recorded by Miss
Williams who also carried out the peak fitting, determination of the spectral
parameters and who was responsible for much of their interpretation.
The schematic diagram of the MOssbauer spectrometer is shown in Figure 4.3.
The following description is a brief outline of the major principles involved in the
working of the spectrometer. For more detailed account of instrumentation and
experimental methods the reader is referred to Spijkerman [18], Beticzer-Koller and
Herber [19] and a review by Kalvius and Kankeleit [20].
Lead shield
17.77777.,.."=777777_--7777—„77=71
OUTCe
ample
SPECTROMETER
	 S.C.A	 P.H.A
S.C.A - Single channel analyzer
	 P1-LA - Pulse height analyzer
Figure 4.3 : A Schematic diagram of the Meissbauer spectrometer
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Source motion: The source motion is by constant acceleration and deceleration
modes with a double ram. This is achieved by the spectrometer relating a particular
channel in the multichannel analyzer with a small range of velocities of the source
motion.
The vibrator : The electromechanical vibrator has a central shaft, a drive coil, a pick-
up coil and a magnet mounted on the shaft. The source is mounted on the shaft, whose
position depends on the voltage applied to the drive coil. The velocity of the shaft
determines the voltage corning from the pick up coil. The timing pulses from the
spectrometer are used to synchronize a voltage waveform generated from the
waveform generator, which is used as a command signal to drive the vibrator.
Detection system : This is designed to produce a single pulse for each y-ray detected.
A gas ( 90% Argon + 10% Methane ) proportional counter detector is used. For
samples with low tin contents an intrinsic germanium solid state detector is used in
conjunction with a strong (10 mCi ) 119mSn source. The high resolution of this
detector ( <300 V ) can resolve the y- rays from the 25.4 keV x-ray which
accompanies it. A 7-ray emitted along the axis of motion of the source has a Doppler
shift of (Eyv)/c relative to the absorber. Any other y-ray which travels to the detector
along a path at an angle 0 to the axis has an effective Doppler shift of (E)fvcosI3)/c.
This 'cosine-effect' of solid-angle cause line broadening of the spectra [21]. The effect
is reduced by maintaining an adequate separation between the source and detector and
by collimation. The pulses from the detector are amplified, passed through a
discriminator ( S.C.A and P.H.A ) which rejects most of the non-resonant background
radiation and are finally counted by the multichannel analyzer for display.
Source : The source matrix of the 11 9Sn is calcium stannate (CaSn0 3) in a 16min
host material of tin-palladium alloy. The source has a linewidth of 0.423 rnms- 1 . The
decay scheme for the 11 9Sn source is depicted in Figure 4.4. The isotope is a 250-day
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isomer 1191I1Sn of the parent nuclide. The 89.54 keV metastable level of the 119msn
decays by an isomeric transition directly to the 23.88 keV first excited state of 119Sn.
This MOssbauer level of spin +1 then decays by an M1 transition to the stable ground
state with spin + . The 23.88 keV y-ray has an internal conversion coefficient of 5.2.
The excited state has a half-life of 18.5 ns which corresponds to a Heisenberg width of
Fr = 0,626 mms-1.
119m s
11	 50n
2
IT
250 days
89.54 keV
2
I T - Isomeric transition
119Sn50
Figure 4.4: The decay scheme for 119Sn
Experimental : The samples were powdered and made to their 'optimum thickness' as
described in' The ideal MOssbauer Effect Absorber Thickness 'by Long et al [221
Calibration was done with an iron source ( 57CoRh ) and corresponding standard
absorber ( a-Fe metal ) at room temperature. All measurements of velocity were
relative to the centroid of this 6 line reference spectrum. A CaSnO3 absorber gives a
shift of'— 0.12 mms- 1 . Both the binary SnO-Si02 and tin doped float glass were run at
room temperature and at 77K using the liquid nitrogen cryostat. To determine the
f-factor of Sn2+ and SO+ in tin doped float glass, a series of spectra was taken on
glass sample PK15S, between 17.5K and 900K. The data collected was computer
fitted.
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4.4 VISCOSITY MEASUREMENTS
The importance of viscosity-temperature and viscosity-composition
relationships of glass have been stressed in section 3.3. A homemade penetration
viscometer which can measure viscosity in the range of 107 to 10 12 Pa s with ± 1.5 %
accuracy ( in Log io ) was used. An alumina hemi-spherical indenter of diameter
D = 6.02 nun was employed. Depending on composition, the viscosities measured for
the binary SnO-Si02 and tin-doped float glasses were in the temperature ranges of
350°C to 800°C and 550°C to 750°C respectively.
4.4.1 SAMPLE PREPARATION
In general, any reasonably flat pieces of glass can be used. In this experiment,
glass pieces about 12mm square and 7 mm thick were used.
4.4.2 PENETRATION VISCOMETER
The essential parts of the viscometer are shown in Figure 4.5. The temperature
of the samples was measured using an R-type Pt-Pt113%Rh thermocouple. The
thermocouple was connected to a Comark digital thermometer and the signal from the
thermometer to a chart recorder where the temperature was recorded. The time (t) and
penetration depth (z) of the indenter into the glass were measured by employing a
Linear Voltage Displacement Transducer connected to the upper part of the indenter.
The LVDT is connected to a chart recorder where the penetration displacement and
time taken were simultaneously recorded.
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Equation 3.44 given in chapter 3 was used to calculate the viscosity.
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For all measurements the same weight ( L ) was used. Therefore this will also give the
same applied load ( P ) to the samples via the indenter. Since P and D are constant, the
first term of equation 3.44 is also a constant and 3.44 can be written as,
, 
k
,, ,	 t	 ‘
11 = t,  - )
Z3t2
Where C is the instrument constant. To evaluate C, a glass standard (NBS-710) from
the National Bureau of Standards was used as a calibration standard.
Before making a measurement, the temperature must equilibrate. A soaking
time of at least 20 minutes was taken for the temperature to reach a constant value.
When this was achieved, contact between the indenter and the glass surface was
carefully made by lowering the weight arm (L). The temperature, time (t) and the
penetration depth (z) were noted and the viscosity calculated using equation 4.4. After
one measurement, the indenter was raised and another part of the glass surface could
be used for another measurement at the same temperature or higher temperature.
Three measurements were taken at each temperature and the average viscosity value
calculated.
3.44
4.4
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Figure 4.5: The essential parts of a penetration viscometer
4.5 THERMAL TECHNIQUES
Two thermal analysis techniques were employed in this study. They were
Differential Thermal Analysis (DTA), applied to the binary SnO-Si02 glass and
dilatometry applied to both the binary SnO-Si02 and tin-doped float glasses.
4.5.1 DIFFERENTIAL THERMAL ANALYSIS
Differential Thermal Analysis (DTA) is the study of heat flows in a system as a
function of temperature. This is a dynamic temperature technique where the difference
in temperature between a sample and an inert reference material is recorded when both
undergo either controlled heating or cooling. The temperature difference
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can be used to determine whether the sample undergoes any chemical reaction, or
structural changes (phase transformation) since these events are accompanied by the
evolution or absorption of energy in the form of heat. Crystallization of a glass will
show an exothermic peak since the free energy of the regular crystal lattice is less than
that of the disordered glassy state. Melting will show an endothermic peak, while
peaks for chemical reactions are either endothermic or exothermic. A typical DTA
trace is illustrated in Figure 4.6.
Exothermic
1	
Tg
1
n,.._	
i
Endothermic
Temperature
Figure 4.6 : A typical DTA curve showing the transformation temperatures. Tg is the transition
temperature, Tx is the crystallization temperature and Ti is the melting temperature.
The theoretical background and practical aspects of DTA can be referred to in Pope
[23]. According to Pope the main factors influencing DTA experiments are: sample
weight, particle size, conditions of sample packing in DTA cell and atmospheric
conditions. As DTA is a comparative method, these factors were maintained as
identical as possible during the experiments on the same glass system. The reference
material used in the experiments was a fine quartz powder. In cases where it was
believed that the a-13 quartz transition around 570°C masked transformations within
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the sample, the experiments were redone using analytical grade alumina as the
reference material.
The DTA experiments were carried out using a Stanton Redcroft DTA model
673-4. The heating rate was 5°C per minutes under normal atmosphere and pressure.
About 0.9 g of fine ground sample and a similar mass of reference material were
heated in platinum crucibles. Pt-Rh thermocouples located in recesses in the crucibles
measured the sample and reference material temperatures.
4.5.2 DELATOMETRY
Dilatometry or linear thermal expansion experiments were carried out using a
homemade, vertical, fused silica dilatometer [24] which was calibrated with a platinum
standard. The experimental arrangement inside the furnace is shown in Figure 4.7.
Figure 4.7: Cross-section of the inside of the quartz thlatometer
Glass rods of square cross-section 3mm x 3mm were used as samples. The
temperature was measured using a thermocouple in contact with the sample and
connected to a pen chart recorder ( x-axis ). On expansion of the sample, the quartz
rod was pushed upwards and its displacement was monitored by a linear variable
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displacement transducer (LVDT) and recorded on chart paper ( y-axis ). A heating rate
of 3°C/min. was used until the dilatometric softening point was reached. After taking
account of the expansion of silica, the coefficient of thermal expansion, a was
calculated using equation 4.5
a = AL 	 4.5
AT.L
where L is the original length, AL the change in length and AT the change in
temperature.
4.6 CRYSTALLIZATION STUDIES
The binary SnO-Si02 glasses were heat treated in ordinary atmosphere at
various crystallization temperatures noted from the DTA traces of the glasses. Some
selected glasses of near 1 : 1 compositions were also heat treated in inert (argon gas)
atmosphere. The heat treatments are detailed in Chapter 6. The crystallized products
were characterized by X-Ray Diffraction, 29Si MAS NMR, 119Sn Mässbauer
spectroscopy and Scanning Electron Microscopy. Attempts have also been made to
use Transmission electron microscopy (TEM) on some crystallized glasses but this was
not successful because the samples were damaged during preparation.
4.6.1 X-RAY DIFFRACTION (XRD)
X-Ray diffraction was used to identify crystalline phases present in all
devitrified samples. The technique was also used to verify the absence of crystallinity
in all glass samples. The XRD patterns were obtained using a Philips Powder
106
Diffractometer with Cu Ka ( X = 1.54178 A ) radiation. Samples were crushed to a
fine powder in an agate mortar and pestle and mounted in aluminium sample holders.
The 20 scan rate and time constant were the same for all the samples ( l'imin. and is
respectively ). The phases were identified by comparing the experimental interplanar
spacing and the intensity of the diffraction pattern using the standard JCPDS powder
diffraction file [25].
4.6.2 SCANNING ELECTRON MICROSCOPY
Scanning electron microscopy was used to examine the general microstructure.
A JEOL 6100 electron microscope was used. Conventional preparative procedures
were used involving mounting the samples in bakelite resin and polishing the upper
surface flat to 0.5 p.m smoothness using a series of abrasive papers followed by
diamond paste on a cloth wheel. When polished, the samples were mounted on
standard aluminium SEM stubs using carbon paste. To prevent charging, the samples
were sputter coated with a very thin carbon layer. Generally, an electron accelerating
voltage of 10 kV was used. The micrographs were obtained using back-scattered
imaging utilising compositional contrast rather than topographical features. Thus the
regions of the material containing heavy elements appear lighter than those regions
containing elements of low atomic number. The EDX ( Energy dispersive X-ray
analysis ) spectra of some samples have also been taken to find the approximate
chemical composition of the phases present. Further experimental details of analysis in
electron microscopy can be referred to in Goodhew and Humphreys [26].
4.7 DENSITY AND MOLAR VOLUME
The density measurements of glass samples were made with a digital balance
(Precisa 125A), using Archimedes' principle. A sample was first weighed in air. After
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being weighed in air, the sample was washed in acetone, then in dilute teepol solution
and finally rinsed in distilled water before placing it in a weighing pan that was
permanently suspended in degassed distilled water inside an enclosed compartment
below the main balance. The density was calculated using equation 4.6 below.
WA
P = P1
where WA is the weight of sample in air, W1 the weight in immersion fluid and 131 is
the density of immersion fluid. The density data were used to calculate the molar
volume, Vm , given by
M
V :--- —m p
where M is the glass molecular weight calculated from composition.
4.8 REFRACTIVE INDEX AND MOLAR REFRACTIVITY
The refractive index of both the binary SnO-Si02 and tin-doped float glasses
were measured using an Abbe refractometer ( Bellingham and Stanley model 60/ED )
which permits the measurement of refractive indices up to 1.7361 with an accuracy of
0.0002. A sodium lamp ( X = 589.6 nm ) was used as the light source. Calibration of
the instrument was checked using a silica standard (ii = 1.45839 at 20°C for sodium
light, X = 589.6 nun).
Samples have a face polished to 0.5 p.m and a face about 12 mm wide cut at
right angles to it. Monobromonapthalene (VIBN) was used as the contact liquid
between the surface of the refractometer prism and the test samples. For ri > 1.65
4.6
4.7
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methylene iodide was used as the contact liquid instead of MBN. Measurements were
done at room temperature and the molar refractivity ( Rm ) was calculated using the
Lorenz & Lorentz formula,
Rm = Vm 1
2 _i	
4.8
ii
4.9 MICROHARDNESS TEST
The hardness of a substance can be described as a measure of its resistance to
permanent deformation or damage. In practice this is taken as the resistance which the
sample offers to indentation by another body, the 'indenter' (pyramid-shaped diamond)
under the action of an applied load. The measure of the indentation hardness is defined
as the ratio between the applied load (P) acting on the indenter and the actual surface
area (M) of the pyramid-shaped permanent impression produced by this force. The
greater the load the larger the indent. Large loads of the order of kg are usually
expressed as macro hardness testing, low loads in order of g as micro hardness
testing.
There are two different shaped diamond microindentors: the Vickers and the
ICnoop indenters. These shapes are shown in Figure 4.8. The hardness values are given
by the following equations,
Vickers:
1854 x P 
HV —	 kg / nun2
d2V
4.9
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Knoop:
14230 x P 
HK —	 kg/mm
d 2
where P is the applied load in g, dv the average length of the Vickers diagonals in gm
and dk the longest Knoop diagonal in gm.
Microhardness testing was carried out on tin-doped float glasses using a M12a
micro-hardness tester supplied by Vickers Instruments Limited. Samples were cut so
that the two surfaces were parallel. The surface to be tested was polished to a lpm
finish and mounted on a glass slide using plasticine. A standard mounting press was
used to ensure that the polished surface was parallel to the slide. • The planarity of
sample is important. Lack of planarity will result in an anisotropic effect where one leg
of the indention diagonal is longer than the other.
A Knoop diamond indenter was employed with a load of 50 g applied for 30
seconds. The length of the longest diagonal was observed as a function of the filar
divisions and converted to a hardness value using standard reference tables. Twenty
readings were taken on each glass sample and the average hardness calculated.
The theory and experimental detail on hardness testing can be referred to
Bousfield [27] and British Standards BS 427 and BS 5411.
VICKERS
	
IGVOOP
4.10
d = d + d
v
2
Figure 4.8 : Hardness indentation shapes
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Chapter 5 - The binary SnO-Si02 glass system
5.1 INTRODUCTION
The existence of glass formation in the binary SnO-Si02 system was
established during the period of 1930 to 1950, but there have been only three studies
done on glasses in this system; as briefly mentioned in chapter 2. Carbo Nover &
Williamson [1] studied the crystallisation and decomposition of glasses ranging in
composition from 28 to 59 mol% SnO by XRD and Electron microprobe analysis. Itoh
& Mori [2] measured the electrical resistance, as a function of temperature, of a glass
containing 47.42 mol% SnO. The only structural studies on this glass system, covering
compositions from 32 to 57 mol% SnO, was done by Ishikawa & Akagi [3] using
x-ray radial distribution and infrared absorption techniques.
This chapter presents and discusses some aspects of the preparation and
compositions of the glasses studied in this system, followed by results on the structural
investigation using 29Si and 119Sn NMR and 119Sn Môssbauer spectroscopies. In
addition to these, physical properties measurements which include viscosity, density
and molar volume, thermal expansion and refractive index will be presented and
discussed.
5.2 GLASS PREPARATION AND PROBLEMS
The preparation of glasses in this glass system by modified melting techniques
has been been described in chapter 4.
The lack of research done on this glass system is probably because of the
difficulties in preparing good glass samples. The difficulties are due to two main
problems. The first is the disproportionation of SnO to Sn02 and Sn metal so that,
during melting, the liquid SnO-Si02 glass will contain Sn metal liquid at the bottom of
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the crucible and solid Sn0 2 at the top of the glass melt. Because of this, the melt
cannot be poured and cast properly and quenching was done with the melt in the
crucibles. The glass formed in the middle of the crucibles (see Figure 5.1(a) ) is
removed by grinding and cutting away the crucible, resulting in odd pieces and shapes
of glass. The second problem is concerned with the type of crucibles used. The first
crucibles used to prepare this glass were of alumina. However, alumina reacts with the
melt and contaminates the glass. Contamination is minimised by keeping the melting
time to a minimum and grinding away the glass parts that are near the wall of the
crucibles. Platinum crucibles cannot be used because it has been observed [4] that a
platinum wire inserted into the glass melt disappeared rapidly at 1200°C forming a
globule of a platinum-tin alloy. Thus, the presence of Sn metal from the
disproportionation of SnO will attack the platinum if such crucible is used.
Is should also be pointed out that glass with a low SnO content is very difficult
to make. The minimum nominal SnO content that has been made by this method is 20
mol%, melted at 1600°C. The resulting glass in the middle of the crucible was of a
homogenous, light yellow in colour surrounded by a murky green portion extending
right to the inside wall of the crucibles (see Figure 5.1 (b) ). EDX analysis has shown
that the murky green portion has a very high aluminium content. This highlights the
difficulty in making glass samples with less than 20 mol% SnO content as a result of
the high melting temperature, greater than 1600°C. Such a high melting temperature
will enhance the Al203 contamination from the crucibles, causing an increase in the
viscosity of the melt. Silica crucibles cannot be used because the maximum use
temperature for this crucible is about 1400°C.
Experiments to make glass of low SnO contents via the sol-gel process have
been attempted using di-hydrated tin (II) chloride ( SnC12.2H20 ) dissolved in
butan-l-tol {CH3(CH2)3 .0H }and tetraethyl silicate { Si(0C2H5)4 }. The gel was
succesfiffly prepared but SnC12 crystallised out when the gel was dried. The chlorine
content of the gel could not be cured out and the attempt was abandoned.
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Figure 5.1: (a) Glass formed in the middle of the crucible, globules of tin metal at the bottom
and undissolved SnO 2 at the top.
(b) Cross section of the crucible , showing how glass with low
SnO ( s.20 mol.% ) content formed.
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5.3 COMPOSITION AND GLASS STABILITY
The nominal and analysed compositions of the glasses studied are given in
Table 5.1. As seen in this table, the maximum mol% of SnO that can be incorporated
in the glass by the melting of compressed, pelleted mixture in a covered alumina
crucible is 71.5 mol% ( nominal 80 mol% SnO ). This is much higher than the
59 mol% and 57 mol% previously prepared by Carbo Nover & Williamson [1] and
Ishikawa & Alcagi [2] respectively. Increasing the SnO content beyond 71.5 mol% was
attempted with a nominal SnO content of 85 mol%, but the melt never cooled to a
glass.
Table 5.1: The nominal and analyzed composition of SnO - Si02 glasses
Glass Nominal
SnO
content
(mol%)
Melting	 '
temperature
(°C)
Analyzed Composition (mol% )
SnO	 Si02
	
Al203
(Chemical ± 1.6%) (By difference) (NMR ± 0.16%)
% of the
nominal SnO
content that
goes into the
glass
TSO 0 - 0	 100	 - -
TS1 20 1600 16.8	 83.0	 0.2 84
7S2 32.0 1350 28.2	 71.2	 0.6 88
753 33.3 1350 29.6	 70.13	 0.27 89
TS4 40 1350 32.6	 67.09	 0.31 82
TS5 47.2 1200 39.7	 60.0	 0.3 84
TS6 50 1000 40.9	 58.7	 0.4 82
7'S7 60 1150 49.4	 50.4	 0.2 82
758 65 1200 53.5	 46.4	 0.1 82
7S9 70 1200 55.4	 43.3	 1.3 79
TS10 _75 1200 64.0	 35.4	 0.6 85
, TS11 80 _	 1200 _	 71.5	 27.4	 1.1 89
Therefore the limit of glass formation is about 70 mol% SnO, which is greater
than the orthosilicate composition of 2SnO.Si02 i.e with an 0:Si ratio > 4. Figure 5.2
is the modified phase relationship for the SnO-Si02 glass system showing the limit of
glass formation. High SnO contents can be incorporated not only in silicate glass but in
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Figure 5.2: Modified phase relationship for the SnO-SiO 2 glass system based on reference [5]
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other glass systems too. In the SnO - Ge02 glass system, glass can form with x > 2
( SnxGe02+x ) which is past the orthogermanate composition [6]. In the SnO - B203
system , glass can form with up to 58 mol% SnO [7]. One must assume that in these
glasses a high proportion of isolated SiO4 or B03/B04 or Ge04 groups are present in
the melt, a situation which we would expect to lead to crystallisation on cooling.
As SnO and Pb0 crystal structures are similar, we can compare the glass
systems of SnO-Si02 with Pb0-Si02. Fajans & Kreidl [8] and Stanworth [9] have
explained the stability of Pb0-Si02 glasses of high Pb0 contents in terms of the high
polarizing power of Pb2+ ion. By analogy, the stability of these glasses can be
explained by the polarizing power of the cation Sn2+. The polarizing power of a cation
can be approximated by the ratio of its charge (valency) to its ionic radius [10].
Comparing the polarizing power of Sn 2+ with Pb2+ and Na+ below,
Ion	 Radius,r (A) Polarizing power, z/r (V)
Pb2+	 1.18	 1.69
sn2+	 0.93	 2.15
Na+
	1.02	 0.98
we can see that the polarizing power of Sn 2+ is higher than Na+
 and of the order of
the Pb2+ ion. This results in Sn-0 bonds being more covalent and directional than
Na—O bonds. Therefore, kinetic stability of the glass is enhanced because it will be
more difficult to rearrange SiO4 groups linked together via these directed bonds than
would be the case if the bonds had no directional character. The covalency of the
Sri-0 bond is illustrated by the asymmetrical character of the bonding between a
Sn2+ ion and the surrounding oxygen anions in the structure of SnO ( Figure 2.11). It
has a layer structure in which the tin atom lies at the apex of a square pyramid. The
Sn2+
 ion is considerably closer and more strongly bonded to these four oxygens than
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the four in the layer above. This is a consequence of the inert pair effect where, in this
instance, an electron pair in an orbital with significant pz or dz2 character takes no part
in bonding ( (Figure 2.11(a) ).
The average % of the nominal SnO contents that go into the glasses is 84 %.
The analyzed composition of the glasses also shows that the samples were
contaminated by Al203 from the crucibles. The Al203
 contamination ranged from a
minimum of 0.1 mol% to a maximum of 1.3 mo1%.
5.4 119Sn NUCLEAR MAGNETIC RESONANCE SPECTRA
The static 119 5n NMR spectra for the glasses are very broad, having a typical
FWHM value of —900 ppm. Although very broad, the lineshapes have an axial site
symmetry and contain two visually resolvable tin sites. To determine the tin sites in the
glass, the spectrum was compared with the spectrum of tetragonal SnO and crystalline
Sn02
 recorded under identical conditions. Figure 5.3 shows a spectrum of the glass,
superimposed on the spectrum of SnO and Sn02. By this way, the glasses have been
shown to contain not only Sn2+ , but also a very small amount of dissolved SO+
species. Spinning the samples at the magic angle with typical spinning speeds of
10 kHz did not narrow the lines very much, but they clearly showed the two tin sites in
the glasses. Figure 5.4 shows a typical spinning spectrum of the glass. The MOssbauer
spectra of the glass (section 5.7) also indicated the presence a very small amount of
dissolved SO+ but none of the glasses contained more than 1 mol.% SO +. Therefore,
tin in the glasses is mostly in Sn2+ state. The limited amount of SO + dissolved in
these glasses is compatible with the fact that its solubility in silica is very small.
By comparing some of the spectral features of the glasses with SnO and Sn02 ,
it is possible to describe the environment of tin in the glasses as compared to its
crystalline form. Cossement et al [11] studied the NMR chemical shift anisotropy of
Sn02 and SnO crystals found that the chemical shift anisotropy of SnO is very large
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and about 7 times greater than that of Sn02. Thus the width of the lineshape from the
SnO crystal is dominated by the chemical shift anisotropy. This has been ascribed as
being mainly due to the asymmetry in the valence electron cloud of the tin atom in the
SnO crystal structure. The tetragonal SnO powder spectral lineshape recorded in this
study shows that it has an axial site symmetry and this conforms well to the Cossement
et al spectrum. In the glass, the Sn2+ site also shows an axial site symmetry, with the
width broadened and the lineshape envelope moving towards higher field positions
with increasing SnO. This indicates that the ionic character of Sn2+ decreases with tin
content, its environment is distorted but retains the features of its crystalline form. The
position of the SO+
 peak in the glass did not change relative to the peak of Sn02,
indicating that the environment of SO + in the glass is the same as in the crystal.
The width of the static 1195n NMR spectrum of SnO is due to the large
chemical shift anisotropy and in disordered material like glass, spinning the samples at
10 kHz did not remove the anisotropy. Indeed in crystalline SnO, Cossement et al need
a speed of 12 kHz in order to remove the chemical shift anisotropy. Thus, to get a high
resolution spectrum of Sn2+
 in glass, we need to spin the sample at a very high
rotation speed. Nevertheless, in this study the static 119Sn NMR has shown that these
glasses contain tin in both the Sn 2+ and SO+
 oxidation states, although the former is
by far the dominant species.
5.5 STATIC 29Si NUCLEAR MAGNETIC RESONANCE SPECTRA
Some of the static 29Si NMR spectra of the stannous silicate glasses and their
analyzed compositions are shown in Figure 5.5(a). The static spectra showed only a
single broad peak which contained no resolvable structural features. Visually, the peak
shapes do not show much resemblance to the theoretical static powder patterns that
show the different Q n
 species in alkali silicate glasses ( see Figure 5.5(b) ). For SnO
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Figure 5.5: (a) Some static 29Si NMR spectra of SnO-Si02 glasses as compared to (b) the
theoretical static chemical shift powder patterns of 29Si NMR of alkali silicates glasses taken
from reference [14].
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contents of <50 mol% the expected asymmetry of the peaks is not pronounced in that
some are quite symmetric. This is in stark contrast to the static spectra of sodium
silicate and lithium silicate [12] and lead silicate [13] which show clear asymmetrical
( axially or lower symmetry ) peaks that give evidence of the formation of different Q
species as the modifier oxides vary in the glasses. The 29Si NMR spectral parameters
are summarised in Table 5.2.
As can be seen from Table 5.2 the chemical shift decreases from -110 ppm for
16.8 mol.% SnO to -89 ppm for 71.5 mol% SnO. This shows that the chemical shift
range is relatively small when compared to alkali silicate glasses [14]. The peak shapes
go from being quite symmetric at 16.8 mol% SnO to quite asymmetric for SnO
contents of about 29 to 50 mol% and become quite symmetric again for SnO contents
of greater than 50 mol%. The peak for the 71.5 mol% glass is symmetric.
Table 5.2: 29Si static NMR data for SnO-Si02 glasses
Samples Mol% SnO Peak position
of chemical shift
( t2PPm)
FWHM
(t 2ppm)
Visual
characteristic of
peak
7S1 16.8 -110 28 quite symmetric
TS3 29.6 -108 33 quite asymmetric
7S4 32.6 -104 35 quite asymmetric
7S5 39.7 -101 45 quite asymmetric
7S7 49.4 -98 47 quite asymmetric
7'S9 55.4 -91 48 quite symmetric
TS11 71.5 -89 53 symmetric
Zachariasen's random network theory predicts that, at SnO contents of greater than 50
mol%, most of the SiO4 tetrahedra should be metasilicate (Q2). And at 71.5 mol%
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SnO, stoichiometrically, the glass should contain only spherically symmetric Q0
( SiO4- ) units in a SnO matrix. The anisotropy associated to Q C) is zero [15] and at
4
this composition the static peak should be symmetric and its FWHM should decrease.
However, the FWHM continues to increase with the increase of SnO. In disordered
material like glass, there may be some anisotropy of Q 0 due to variation in the second
coordination sphere. According to Eckert [14] this type of behavior suggests that the
broadening mechanism is dominated more by dipole-dipole coupling, than chemical
shift anisotropy. As Sn and Si nuclei are both spin 1/2 and the natural abundance of
magnetically active Sn nuclei is about double that of Si, there is a reasonable
probability that the dipole-dipole interaction is heteronuclear. Thus there must be some
sort of Si-O-Sn linkages at high SnO contents.
It is instructive to compare these results to those from the Pb0-Si02 glass
system. Fujui and Ogino [13] who studied the Pb0-Si02 glasses by static NMR
observed that, for Pb0 contents of greater than 50 mol%, the peak shape is symmetric.
They concluded that the three dimensional SiO4 network remains and a certain number
of Pb02 groups interconnect with SiO4 tetrahedra. Thus Pb02 groups must act like
glass forming polyhedra at high Pb0 contents.
The 29Si static NMR of SnO-Si02 glasses is inadequate to explain the
structure of these glasses, especially the speciation of different Q species as a function
of composition. We turn to 29Si MAS NMR in next section.
5.6 29Si MAGIC ANGLE SPINNING NUCLEAR MAGNETIC RESONANCE
SPECTRA
Some of the 29Si MAS NMR spectra of stannous silicate glass are shown in
Figure 5.6. Spinning the samples at the magic angle narrowed the peaks of the 29Si
spectra but to a still relatively broad single line. Table 5.3 gives the parameters of the
295i MAS NMR spectra.
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Figure 5.6: Some 29Si MAS NM? spectra of SnO-Si02 glasses
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Table 5.3: 29Si MAS NAIR data for SnO-Si02 glasses
Samples Mol% SnO
Peak position
of chemical shift
(0.1 ppm)
FGVHM
(L0.1 ppm)
TSO* 0 -112 11.5
TSI 16.8 -110.6 13.9
TS2 28.2 -109.4 19.4
TS3 29.6 -107.1 19.6
TS4 32.6
-105.6 20.8
TS5 39.7 -103.3 23.6
TS6 40.9
-100.6 23.2
TS7 49.4
-97,6 22.2
TS8 53.5 -96.2 20.9
TS9 55.4 -92.2 19.4
TSIO 64.0 -89.7 19.2
TS11 71.5 -87.7 18.9
*Talcen from reference [14]
5.6.1 CHEMICAL SHIFT
The chemical shifts, at maximum peak intensity, cover the range from
-112 ppm for 0 mol% SnO to -87.7 ppm for 71.5 mol% SnO. The chemical shift range
is narrower than that for the Pb0-Si02 glasses and much narrower than that observed
for alkali-silicate glasses ( Table 5.3).
Table 5.4: Comparison of 29Si MAS IVMR chemical shift range in SnO-SiO 2, Pb0-Si02
and Na20-Si02 glass systems.
Glass system SnO-SiO, Pb0-SiO7 [17] Na 70-Si0 7 [14]
Modifier Oxide range
( mol% ) 0i 71.5 0-) 73.4 0-450
Chemical Shift range
(ppm) _	 -112 -)-87.7 -112 -4-82.2 -112 -4-77.7
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The narrowness of the chemical shift range in SnO-Si02 glassses can be seen in
Figure 5.7. which shows a plot of chemical shift versus composition of SnO-Si02
glasses as compared to the Pb0-Si02 and Na 20-Si02
 systems. It can be seen that the
chemical shift changes very slowly with composition. Two interpretations could be
made:
(1) This could mean that SnO does not depolymerize the silicate network to the same
extent as modifiers such as Na20 or even Pb0. At low concentrations of Si02 there
will still be silicate polyanions which implies that segregation or clustering is occuring,
with silica rich units present in an SnO matrix.
(2) Alternatively, because the electronegativity of Sn is identical to that of Si, the Si
nucleus sees an only slowly varying environment as the composition changes. Thus,
the electron redistribution on going from an Si-O-Si to an Si-O-Sn linkage produces
very little change in the electron density seen by the Si nucleus and this is reflected in
the comparatively narrow chemical shift range for Si in this glass.
It should also be pointed out that the chemical shift for the metastable SnSiO3
crystal phase produced on devitrification is shifted considerably from the chemical shift
values of the glasses. For example, the silicon resonance in 40.9 mol% SnO glass
occurs at -100.6 ppm but in the SnSiO3 crystal phase, the silicon resonance is at
-111.4 ppm. This confirms that there are no "crystal like" areas in the glass structure.
The fact that glasses in the composition range from — 40 mol% to —50 mol% SnO, in
which the metastable SnSiO3 crystal phase grow, are glasses that have the widest 29Si
resonance half width, suggests that there is an increased range of Si-O-Si bond angles
in these glasses or that there are a larger number of Qn species species present
( statistical model).
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Figure 5.7: Position of peak maxima for 29S1 AL4S NAIR spectra in various silicate glasses.
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5.6.2 FULL WIDTH AT HALF MAXIMUM ( FWHM ) AND PEAK SHAPE
The FWFIM of the resonance increases gradually from about 14 ppm at
17 mol% SnO to a maximum value of 23 ppm at 41 mol% SnO before decreasing
slowly to about 19 ppm at 70 mol% SnO. This trend is similar to that observed in the
Pb0-Si02 glasses ( Figure 5.8 ). The 29Si MAS NMR spectra of stannous silicate
glasses shown in Figure 5.6 , consist of a single, broad and generally asymmetric peak
which could contain resonances of more than one type of Qn species. For
compositions containing up to 55 mol% SnO the peaks are asymmetric. Their side
bands are such that the lower frequency side is of greater intensity. This pattern of side
bands is just the opposite to that observed in Na20-Si02, Li20-Si02, Rb20-Si02,
Cs20-Si02 [15-17] and even in the Pb0-Si02 [18]. In these systems the lower
frequency side band is always of lower intensity than the high frequency side band.
This is an indication that the formation of lower Qn
 species with increase of SnO is
slow in SnO-Si02 glass system. Which could mean that SnO does not depolymerise
the silicate network as quickly as in other binary silicate glasses i.e. there are [SnOx]n
polymeric units present.
For compositions containing —55 mol% SnO or less the observed spectra could
reasonably be resolved into two lines, one narrow and one broad. The narrow
Gaussian which lies in the range of chemical shift corresponding to a Q 4 resonance,
predominates at high Si02 contents and decreases as SnO increases and may still be
present at — 55 mol% SnO. This is not expected for a binary distribution where all Q4
should have been replaced by Q 3 at 33.3 mol% modifier oxide, as in the Na20-Si02
system. The broader component may be composed of all other possible Q n types.
In the composition range from 30 to 50 mor% SnO, where the FWHIVI are
comparatively broader, the spectra may contain all possible Q types but are dominated
by the less symmetric Q3 , Q2 and Q 1 species. For an SnO content of 64 mol% the
peak and its side bands are quite symmetric which shows that the resonance may be
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dominated by Q° species. At 71.5 mol% SnO the peak and the side band intensities are
symmetric which is expected for a resonance from Q° species.
In order to clarify the presence of the different Qn species and their distribution
as a function of composition; the experimental peak shapes have been computer
simulated using various combinations of Gaussians. The results of this exercise are
discussed next.
5.6.3 DISTRIBUTION OF Q n SPECIES
It was pointed out in Chapter 2 ( section 2.2.1), that the properties of a glass
depend on the quantities of different Qn species and their distribution. Depending on
the system and composition, the Qn distribution for most glasses follows the binary or
the statistical model. The binary model may be considered as arising from the
'repulsion' of non-bridging oxygens such that there are no more than two Q n species
distributed as uniformly as possible through the glass. Generally, most studies found
that the alkali metal silicate glasses follow the binary distribution but the review by
Eckert [14] refers to deviation from the binary distribution for high-field strength,
alkali metal cations at low Si02 contents. The statistical distribution model was first
developed by Lacy [19-20] to describe the viscosity of silicate melts. Later, Dupree et
al [15-17] and Schrarrun et al [21] used this model in fitting MAS NMR spectra of
many binary alkali metal silicate glasses in their analysis. The statistical distribution
model has no limit on the number of Q n species present for any composition and their
distribution is determined by composition and statistics. The predictions for the relative
proportions of the differents Q species at various compositions, according to the two
models are shown in Figure 5.9.
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Figure 5.9: Qn distributions as predicted by the binary (a) and statistical (b) models taken from
reference 117].
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In this fitting exercise, seven spectra were chosen that cover the glass forming
range of 17 to 70 mol.%. We have assesed the quality of the fit of these spectra to
the various numbers of Gaussians predicted by the binary and statistical model and
compared the refined intensity of each Gaussian with the expected stoichiometry. Each
spectrum was simulated by fitting the entire spectrum ( i.e. the centre peak and the
sidebands ) to a sum of the appropriate number of Gaussians. The width of the
sidebands was constrained to be equal to that of the peak about which they were
symmetrically placed. Simulations using one, two, three, four or five Gaussians were
attempted for some of the spectra. The positions, amplitude and widths of the
resonances were varied until the best fit was obtained. However, where more than two
Gaussians were involved, the number of variables was too large to allow an
unconstrained fit and therefore some variables had to be fixed.
It should be noted that an assumption is made that oxygens would still be
distinguished as bridging or non-bridging oxygens; i.e. ignoring any interactions
between non-bridging oxygens and Sn2±. The contaminations by Al203 and
Sn02 ( SO+) were also ignored because of their negligible amounts. In carrying out
the simulation, the chemical shift assigned to a given Q n type is only based on
composition and intuition. This is because there are no solid state NMR data for 29Si
in a tin oxide environment available for reference. Peaks from the computer simulation
were identified as a specific Qn
 by comparison of their computed shift with the
interpolated values from the observed data at 0 % SnO (Q4), 33.3 % SnO (Q3), 50 %
SnO (Q2), 60 % SnO (Q 1 ) and 66 % SnO (Q0). It should also be noted that the
quality of the fit and the refined intensities are very sensitive to the exponential line
broadening and phasing of the spectrum on Fourier transforming the FID. Therefore
the same exponential line broadening of 60 Hz was used prior to Fourier
transformation and all spectra were phased using the same parameters.
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5.6.3.1 COMPUTER FITTING OF 29Si MAS NMR SPECTRA
Figure 5.10 shows some of the typical fits of the simulated 29Si spectra of the
SnO-Si02 glasses.
16.8 mol.°/0 SnO
Table 5.5 gives the predicted binary and statistical Qn distributions, followed by a two
Gaussian and a three Gaussian fit. The quality of both fits, as represented by x 2 are
similar. The observed proportions of Q 4 and Q3 for the two Gaussians fit gives a
reasonable match to the predicted binary distribution. However the Q 3 FWHM is 1.7
times broader than that of Q 4 and such a difference is not generally observed for
binary alkali silicate glasses. A three Gaussian fitting reproduces the observed
spectrum equally well using peaks of similar FWHM and the Q n distribution gives a
reasonable match to the stoichiometry of a statistical Qn distribution for this glass
composition. In both cases more "non-bridging oxygens" are observed than predicted
by the models but this overestimate is less for the binary model. Hence this
composition is better described by the binary distribution.
Table 5.5 : Qn
 distributions and Gaussian fits for SnO-S102
 glass containing 16.8 moL% SnO
Predicted distributions
Q4
60
65
Q3
40
30
Q2
5
Q1	 QO	 X2
Binary ( % )
Statistical ( % )
Observed distributions
1. Two Gaussian fit 1.1
Chemical shift -111.3 -104.9
FWHM 10.6 17.7
( % ) 55 45
2. Three Gaussian fit 1.2
Chemical shift -111.5 -105.6 -96.7
FWHM 12.2 13.1 11.9
( % ) 56.8 30.2 13.0 _
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32.6 mol.% SnO 
For this composition, the spectrum was simulated by two, three and four Gaussians
( Table 5.6). The two Gaussian fit gave Q 4 and Q2 species (judged by chemical shift)
rather than the Q4 and Q3 predicted by the binary model and a totally inappropriate
distribution of intensity. The three Gaussian fit is a good reproduction of a statistical
distribution but the four Gaussian gave somewhat better reproduction of the predicted
statistical Qn
 distribution. The last two fittings both gave similar x2 values. Therefore
at this composition the Qn
 distributions follow the statistical model.
Table 5.6 : Cr distributions and Gaussian fits for SnO-SiO 2 glass containing 32.6 mol.% SnO
Q4	 Q3
	 Q2	 Q1	 Q0	 2C2
Predicted distributions
3.3
33
96.7
42 20 5
Binary ( % )
Statistical ( % )
Observed distributions
1. Two Gaussian fit 3.8
Chemical shift -109.5 -100.2
FWHM 13.6 20.4 •
( % ) 40.4 59.6
2. Three Gaussian fit 2.5
Chemical shift -113.2 -104.5 -96.7
FWHM 12.2 13.3 11.9 am
( % ) 37.1 38.6 24.3 ..
3. Four Gaussian fit 2.7
Chemical shift -111.2 -105.9 -96.7 -91.4
FWHM 13 13 13 13
( % ) 31.4 36.9 21.5 10.2
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39.7 mol.% SnO 
Table 5.7 gives the results of two, four and five Gaussian fitting. A two Gaussian fit
indicates peak positions corresponding to Q 3 + Q 1 , and not the Q 3 + Q2 predicted by
the binary model. The four Gaussian fit does not indicate the presence of Q 2 species as
predicted by the statistical model. But the five Gaussian simulation gives a good fit to
the data and excellent reproduction of the predicted statistical distribution.
Table 5.7: Qn distributions and Gaussian fits for SnO-Si02 glass containing 39.7 ntol.% SnO
Predicted distributions
Q4
20
Q3
68
40
Q2
32
29
Q1
10
Q0
nn•• n
1
X
2
Binary ( % )
Statistical ( % )
Observed distributions
1. Two Gaussian fit 3.1
Chemical shift -105.1 -93.5
FWHM 17.3 15.8 -
( % ) 70.1 29.9
2. Four Gaussian fit 2.6
Chemical shift -111.2 -102.9 -94.1 -84.6
FWHM 10.6 13.3 12.6 10.4
( % ) 25.7 40.5 27.4 6.4
3. Five Gaussian fit 3.0
Chemical shift -111.1 -104.7 -97.8 -95.4 -87.1
FWH1v1 13 13 13 13 13
( % ) 22.9 34.2 26.8 14.6 1.5
49.5 mol.°/0 SnO
The results of fitting the spectrum of 49.5 mol.% SnO are shown in Table 5.8. The
spectrum can be simulated by two Gaussians but the Q11 species thus found are Q3 and
Q 1 rather than Q3 and Q2 as predicted by the binary model. The four Gaussian fit
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does not indicate the presence of Q 1 species as predicted by the statistical model. The
five Gaussian fit has the lowest x2 value and gave a reasonably acceptable match of Qn
to the statistical prediction.
Table 5.8 : Qn distributions and Gaussian fits for SnO-SiO 2 glass containing 49.5 moL% SnO
Q4 Q3 Q2 Q1 Q0 X2
Predicted distributions
Binary ( % ) 4 96
Statistical ( % ) 7 26 38 24 5
Observed distributions
1. Two Gaussian fit 3.6
Chemical shift -105.3 -93,5
FWHM 15.7 17.4
( % ) 37.5 62.5
2. Four Gaussian fit 2.6
Chemical shift -113.5 -105.3 -96.4 -88.4
FWHM 12.2 14.4 14.0 15.3
( % ) 3.3 30.6 45.9 20.1 -
3. Five Gaussian fit 2.3
Chemical shift -109.1 -103.3 -97.2 -91.5 -86.1
FWHM 13 13 13 13 13( % ) 14.0 21.9 32.9 19.7 11.5
55.4 mo1. 1)/0 SnO
Two, three, four and five Gaussian fits were attempted on this composition
( Table 5.9 ). The spectrum can be fitted to two and three Gaussians but does not
satisfy the prediction of the binary and statistical model respectively. The four
Gaussian fit does not indicate the presence of ()°, but the relative proportions of the
other species are quite close to the predicted values. The five Gaussian fit has the
lowest x2 value and reasonably satisfies the prediction of the statistical model.
137
Table 5.9 : Qn distributions and Gaussian fits for SnO-Si0 2 glass containing 55.4 inol% SnO
Predicted distributions
Q4
2
Q3
14
Q2
48
33
Qi
52
36
Qo
15
X2
Binary ( % )
Statistical ( % )
Observed distributions
1. Two Gaussian fit 5.6
Chemical shift -106.7 -92.3
FWHM 13.6 18.5
( % ) 18.3 81.7
2. Three Gaussian fit 4.7
Chemical shift -107.7 -97.1 -87.9
FWIEM 12.3 14.4 13.9
( % ) 17.0 40.3 42.7
3. Four Gaussian fit 4.7
Chemical shift -109.5 -107.2 -98.5 -90.8
FWHM 14 14 14 14
( % ) 1.7 23.4 28.6 46.3
4. Five Gaussian fit 3.8
Chemical shift -108.2 -99.9 -93.7 -87.5 -85.7
FWHM 13 13 13 13 13
( % ) 13.4 23.9 29.7 20.2 12.8
64.0 mol.°/0 SnO
Table 5.10 shows the results of two, three and four Gaussian fit for this composition.
The two Gaussian fit does not satisfy the binary model prediction. The three Gaussian
gave a very good match of Qn to the statistical prediction. The four Gaussian fit has
the lowest x2 but does not satisfy the stoichiometry of the composition.
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Table 5.10 : Qn
 distributions and Gaussian fits for SnO-S10 2 glass containing 64.0 mol.% SnO
Q4	 Q3 Q2 Q1 Qo x2
Predicted distributions
Binary ( % ) 24 76
Statistical ( % ) 6 31 63
Observed distributions
1. Two Gaussian fit 8.7
Chemical shift -99.9 -89.3
FWHM 16.0 16.0
( % ) 28.9 71.1
2. Three Gaussian fit 10.8
Chemical shift -101.9 -98.0 -87.9
FWHM 14.0 13.7 13.0
( % ) 6.7 33.7 59.9
3. Four Gaussian fit 7.8
Chemical shift -105.9 -99.9 -94.8 -86.4
FWHM 13 13 13 13
( % ) 7.7 12.2 34.3 46.4
71.5 mol.% SnO
The spectrum of this glass is symmetric and both models predict a single species, Q°.
A one Gaussian fit gave an excellent fit as shown in Table 5.11.
Table 5.11 : Qn distributions and Gaussian fits for SnO-Si02 glass containing 71.5 moL% SnO
Predicted distributions
Q4	 Q3	 Q2	 Q1	 Q0
100
100
87.9
19.1
100
x2
0.8
Binary ( % )
Statistical ( % )
Observed distributions
I. One Gaussian fit
Chemical shift
FWHM
( % )
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5.6.3.2 SUMMARY OF THE RESULTS OF COMPUTER FITTING OF 29Si MAS
NMR SPECTRA
The chemical shifts ranges of the different Q n species generated from the
simulated spectra are shown in Figure 5.11. The chemical shift for each different Qn
species changes very little with composition. This behaviour is unlike the case for alkali
metal silicates in which the binary distribution of Q n types results in a gradual move to
less negative chemical shifts for any given Q n type as the amount of modifier is
increased over its stability region. Therefore the simulation of the 29Si MAS NMR
results has shown that:
(1) Below 30 mol.% SnO ( Sn2+ ) may act as a traditional modifier, in which the
disposition of non-bridging oxygens is consistent with a binary Q 4 + Q3 distribution.
(2) For compositions from 30 to 50 mol.% SnO the continued presence of Q 4 species
in the NMR spectra indicates an unconstrained statistical distribution of non-bridging
oxygens. Another view might be that some of the Si—O—Sn units are
indistinguishable by nuclear magnetic resonance from Si-0----Si units because of the
similarity in electronegativity. The 1195n NMR results support the latter view since
the Sn2+
 character becomes less ionic with increase of SnO content. Thus SnO now
appears to exhibit a changing role , from that of modifier to intermediate as SnO
content increases.
( 3 ) From 50 to 65 mol.% the NMR spectra can be simulated on the basis of the
statistical model for the distribution of non-bridging oxygens.
( 4 ) At 70 mol.% the glass now appears to contain mainly isolated SiO 4– groups in a4
Sn-0 matrix.
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Figure 5.11: Chemical shift ranges of different Qn species for SnO-Si02 glasses generated from the
simulated spectra.
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5.7 119sn MOSSBAUER SPECTRA
Some of the MOssbauer spectra of the binary SnO-Si02 glasses taken at 77K
are shown in Figure 5.12. The doublet absorption peak belongs to Sn 2+. For all the
glasses these doublets are symmetric, thus showing no presence of the so-called
Karyagin-Goldanslcii effect [22]. The spectra also show the present of an SO + peak
but the relative areas of the Sn 2+ and SO+ peaks indicate that most of the tin exists in
the Sn2+ state in each case.
Table 5.12: Composition and AlOssbauer parameters of SnO-SiO 2 glasses taken at 77K.
Samples Afol.%
SnO
*Isomer shift, (5
(10.005 mms-1)
**Isomer shift, (5
(10.005 mms- I)
Quad. splitting,A
(10.005 mms- 1)
Linewidth, I
(10.005
mms-1)
1'S1 16.8 3.032 1.017 2.091 1.048
7S2 28.2 3.036 1.021 2.086 1.111
7S3 29.6 3.028 ,	 1.013 2.083 1.135
TS4 32.6 3.060 ,	 1.045 2.073 1.144
T55 39.7 3.002 0.987 2.071 1.145
TS6 40.9 3.001 0.986 2.070 1.153
TS7 49.4 2.989 0.974 2.056 1.145
TS8 53.5 2.984 0.969 2.057 1.147
TS9 55.4 2.964 0.949	 1.. 2.044 1.152
TS10 64.0 2.948 0.933 2.040	 1 1.161
TS11 71.5 2.933 ,,	 0.918 2.012 1.164
+Crystalline SnO ( tetragonal ) 0.67
*
1.36 0.917
+Amorphous SnO 0.857 1.71 1.23
-F-I-Sn (PO 1g), 0.96 1.73
,	
-
+ +Sn 30 4S0 4 0.91 1.94 -
+ ± + Sn ;WO ,t) 7 1.03 2.01 -
++Sn504 1.90 1.00 -
+ +SnC704
	
, 1.60 1.45 -
* Relative to CaSnO3 source. ** Relative to a-Srt whose chemical shift from a CaSnO3 source is
2.015 mm/s. + Reference [24]. Reference 122J++ . +++Reference[23].
Sample TS 11, with the highest tin content of 71.5 mol.% SnO, has the highest amount
of SO+ species. However, none of the glasses contained more than 1 mol.% SO+ , as
estimated from the areas of the MOssbauer spectra. In calculating the molar
composition from the results of chemical analysis, such small concentrations of Sn02
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Figure 5.12 : Some of the 77K MOssbauer spectra of the SnO - Si02
 glasses studied, showing
the presence ofsmall amounts of dissolved Sn 4+ .
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decreasing s contribution to bonding in solid compound }
4d50519<
Sn4+ ionic character
were neglected. Hence the interpretation of the results does not take into account the
presence of this small amount of SO +. The MOssbauer parameters for the SnO-Si02
glasses are compared with the data for SnO and some salts of oxyacids with Sn2+ in
Table 5.7.
5.7.1 THE ISOMER SHIFT OF Sn2+
The chemical isomer shift depends on the s electron density at the tin nucleus
and an increase in its value corresponds to an increase in the s electron density [22].
To interpret the tin isomer shift, it is instructive to look at the electronic configuration
of tin. The neutral gray tin (a-Sn) has a diamond structure which is completely
quadricovalent with the hybridized configuration 5(sp 3 ) [23]. Therefore a-Sn has only
one electron in the s orbital. When compared to Sn 2+ ( 5s25p0 of a free-ion
configuration ) and SO+ ( 4d 1055.050 of free-ion configuration ); a-Sn should fall
midway between the ionic divalent ( Sn2+ ) and ionic quadrivalent ( SO+ ) extremes.
Sn
-ve	 +ve
Sn4+	 0	 Sn2+
chemical isomer shift
increasing positive shift
increasing s electron density
Figure 5.13. Variation of I9Sn MOssbauer chemical isomer shift with Sn 5s electron density.
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Therefore all Sn2+ compounds have positive shifts from a-Sn and their value increases
with increasing ionicity towards the stannous free-ion, 5s 2 , configuration. Conversely,
all SO+
 compounds have negative shifts from a-Sn and the negative value increases
with ionicity towards the stannic free-ion, 4d 105s05p0, configuration [23 & 25]. This
is summarised schematically in Figure 5.13.
As seen in Table 5.12, the isomer shifts are positive with respect to a-Sn,
confirming the presence of tin in its 2+ oxidation state in the glasses. The values of the
isomer shifts of the glasses are larger than for 119Sn in amorphous SnO and very much
larger than in tetragonal SnO which indicates larger s electron densities at the tin nuclei
in these glasses. These higher densities, which reflect greater electrostatic character in
the Sn—O bonding, could arise from longer Sn—O bond lengths and/or from an
increase in coordination number of the tin atoms. The isomer shift decreases with the
increase of SnO (see Figure 5.14 ), indicating that the ionicity of the Sn—O bond
decreases with SnO content. The decrease of the isomer shift with tin content is
-0.22 ± 0.01 mms- 1 mo1- 1 . Although the decrease in the isomer shift is generally linear
with SnO content, the isomer shift possibly shows a maximum value at –33 mol.%
SnO, indicating some sort of discontinuity around this composition. This sort of trend
was observed in the SnO-B 203
 glass system by Paul et al [7] whose isomer shift data
showed a maximum at 20 mol.% SnO. They intepreted this as the point where Sn2+
begins to be coordinated by the non-bridging oxygens produced with the increase of
SnO content. Based on these facts, and the results of 119 5n NMR and 29Si NMR, it
appears that, at compositions greater than –33 mol.% SnO, the non-bridging oxygen
ions probably form more covalent bonds to Sn 2+
 ions. The formation of Si-O-Sn
linkages has the result that the s-electron density at the nucleus will decrease, probably
due to the increase of the shielding effect by the pz (or dz2 ) electron, and
consequently there is a decrease in the isomer shift. The increase of the shielding effect
of the s-electron by the pz-electron could probably come from the changing
hybridization resulting from formation of Si-O-Sn bonds. On the other hand, the higher
values of the chemical isomer shift in the low SnO region ( less than 33 mol.% )
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Figure 5.14: Variation of the isomer shift of Sn2+ at 77K in SnO-Si02 glasses as a function of SnO
content. The isomer shifts are relative to a- tin. ( Errors are within the dimension of the symbol
used).
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probably arise from larger Sn—O distances in these glasses. The larger value of Sn—O
distances at low SnO content is supported by the radial distribution studies of x-ray
data of SnO-Si02 glasses by Ishikawa and Akagi [3]. Their studies shows that, for
SnO contents of less than –33 mol.% , the Sn—O distance in these glasses is longer by
0.07- 0.11 Á than in glasses with more than –33 mol.% SnO. Thus the changing role
of SnO from modifier to intermediate is envisaged at a composition around 33 mol. %
SnO.
5.7.2 THE QUADRUPOLE SPLITTING OF Sn2+
The quadrupole splitting arises from the presence of an electric field gradient at
the tin nucleus. Electric field gradients have their origin in two effects: (1) from any
imbalance in the distribution of the tin p or d electron density and (2) from charges on
neighbouring ions. Since the field gradient varies as the inverse cube of distance, the
most important contribution for Sn(II) oxide comes from an excess of pz electron
density over px, py orbitals [22-25]; although other factors such as population of the
bonding orbitals by the electrons and total asymmetry must also have a significant
effect [26-27]. For all the glasses studied, the quadrupole splitting values are higher
than those for tetragonal and amorphous SnO. This indicates that the immediate
environment of Sn2+ is distorted compared to the axial symmetry of the square
pyramidal coordination of tin in tetragonal SnO (see Figure 2.11) and even that in
amorphous SnO. The decrease in the quadrupole splitting with increase of SnO is very
small ( see Figure 5.15 and Table 5.12). This shows that there is an absence of high
order ( i.e. tendency to form crystals ) in the structure of the glass even at high SnO
contents. The quadrupole splitting of divalent tin thus observed in the glasses is
consistent with both the generally proposed Sn(II) structures, which indicates
differential population of the Px, Py and pz orbitals or any hybridized structure
containing them.
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Figure 5.15: Variation of the quadrupole splitting of Sn 2+ at 77 K in SnO - 5102 glasses as a
function of SnO content. ( Errors are within the dimension of the .symbol used).
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5.7.3 RELATION BETWEEN THE ISOMER SHIFT AND QUADRUPOLE
SPLITTING OF Sn2+.
According to Lees and Flinn [28] there exists a correlation between the
quadrupole splitting and the isomer shift data for Sn(II) compounds. Figure 5.16
shows a graph of the isomer shift against quadrupole splitting for some Sn(II)
compounds taken from Lees and Flinn. From this graph, the fully ionic 52
configuration of Sn2+ ( when the number of 5p electrons is zero ) is attained when the
quadrupole splitting value is zero, corresponding to the isomer shift value of 2.9 =is
relative to a-Sn. Conversely, the increase in the magnitude of the quadrupole splitting
as the isomer shift decreases corresponds to an increase in the 5p character of the
bonds. For the glasses studied there is a decrease in the isomer shift with increase of
SnO and from the trend it has been suggested that for compositions > 33 mol.% SnO,
the SnO role changed from modifier to an intermediate through the formation of
Si—O—Sn linkages. If the average isomer shift (0.96 ± 0.07 =Vs) and quadrupole
splitting (2.05 ± 0.06 nun/s) of compositions > 33 mol.% is plotted in the Lees and
Flinn graph ( Figure 5.16 ), the point falls on the solid lines on the graph and gives the
number of 5p electrons in Sn2+ as 0.74 ± 0.08. This shows that Sn2+ retains a
significant p electron density in the glass and the shielding effect of the p-electron
decreases the 5s electron density at the nucleus and consequently decreases the isomer
shift. Thus the decrease in isomer shift is indicative of increasing covalent character of
Sn2+ while the larger quadrupole splitting suggests a more distorted environment
about the tin atom in the glass. Lees and Flinn also suggested that the compounds on
the solid lines are those in which the covalent bond is linear, and therefore involve only
the pz orbital, while for the compounds on or near the lower line the bonding is more
complicated, with the contributions frompx and py orbitals also present.
The M6ssbauer data of the glasses are also compared with those of oxide
compounds of Sn(II) as shown in Table 5.12 and Figure 5.16. From this data it can be
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Figure 5.16 : Isomer shifts and number of 5 p electrons against quadrupole splitting for Sn av
compounds and SnO- Si02 glass. The symbol 0 and + are for Sn compounds and SnO-Si02
glass respectively. The isomer shifts are relative to a-Sn. The original graph is by Lees and Flinn [28].
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surmised that the environment of the Sn2+ ion in the glass could be similar to
Sn3(As04)2 or Sn304SO4 whose structures are not yet known.
5.7.4 THE LINEWIDTH
The linewidth of Sn2+ as a function of SnO content is shown in Figure 5.17.
The linewidth increases quite rapidly up to —33 mol.% SnO and there afterwards
increases very slowly to a near constant value with increase of SnO. The linewidths are
substantially broader than that of crystalline SnO but smaller than the linewidth of
amorphous SnO. The average relative broadening of the linewidth is given by
Tglass- "crystalline
= 0.11±0.05
The relative broadening of Sn2+
 in amorphous SnO is 0.18 [24] as compared to 0.11
in the glass. This suggests a narrower distribution and smaller anisotropy of electric
field gradients of Sn2+ in the glass as compared to amorphous SnO. The broadening of
the linewidth can be attributed to the irregular distribution of atoms around tin [29].
For compositions > 33 mol.%, the contant value of the linewidth suggests that the
pattern of the atom distributions around tin have been established in the glasses. This
probably indicates the presence of Sn Q  Si bonds involving the Sn 5pz orbital and
the broadness of the linewidth reflects the nonequivalence of these bonds.
5.8 DEPENDENCE OF MOSSBAUER SPECTRA ON TEMPERATURE
The temperature dependence MOssbauer study gives some information on the
behaviour of Sn2+ in the glass. From this data the Debye-Waller factor or recoil free
fraction ( f ) and the Debye temperature ( OD ) of Sn2+ in the glass can be evaluated.
The recoil free fraction and the Debye temperature reflect the bulk properties, whereas
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Figure 5.17: Variation of the linewidth of Sn2+ Meissbauer spectra of SnO-SiO 2 glasses as a function
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the isomer shift and quadrupole splitting are better measures of local distortion [24].
Referring back to equation 3.25 ( Chapter 3 ); the f factor is large for a large Debye
temperature at low temperature ( T). The Debye temperature is a characteristic of a
Mbssbauer nucleus and the firmer the binding of the nucleus in the lattice the higher
the Debye temperature [22 & 30]. Apart from the f factor and the Debye
temperature, the temperature dependence of the shift ( total shift ) could also be
analysed in terms of other bulk properties of the glass.
5.8.1 THE DEBYE TEMPERATURE AND THE f FACTOR
The intensity of absorption (A) of a nucleus observed in alAbssAnuer spectrum
is proportional to the f factor (311. A and f are related by,
A = Xcf 5.1
where c is the concentration of a tin state and X, is a constant which represents the
fraction of the radiation which are Massbauer 7-rays. Then,
ln A = lnf + bac	 5.2
ODUsing the Debye model for high temperature, equation 3.28 ( T> — ) , we get
2
Inf – –6ERT	 5.3
–6EHence a graph of InA versus T will be a straight line with slope m = 	 R from
2
which the Debye temperature is determined using
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The recoil energy of the y-ray,
  ER = 2.572 X 10-3 eV for 119sn.
The Debye temperature of Sn2+
 in the glass found by the above method is
almost independent of SnO concentration, giving an average value of 193 ± 3 K. Table
5.13 gives some of the Debye temperatures of the glasses as compared to the Debye
temperatures of amorphous and crystalline SnO.
Table 5.13 : Debye temperatures of Sn 2+ in SnO-SiO2 glasses as compared to amorphous and
crystalline SnO.
Compound Debye eemperaeure ( k" j	 )
Sn2+ for 32.6 mot % SnO in
SnO-Si0 2 glass
194 ± 2
Sn2+ for 40.9 mol.% SnO in
SnO-Si0 7 glass
193 ± 3
+SnO amorphous 181 ± 2
+SnO crystalline 203 ± 1	
-
+ Taken from reference [25].
As seen in Table 5.13 the typical Debye temperature of the glass lies between the
values for crystalline and amorphous SnO. The results imply that Sn 2+ ions are more
tightly bound in the glass than in amorphous SnO.
One of the main problems in structural investigation of glasses is the
determination of the coordination of an atom in a material. Kurkjian [31], Parish [32]
and Nfitrofanov & Sidorov [33]; proposed a qualitative approach to this problem. This
is done by comparing the ratio of the f factor at liquid-nitrogen temperature and at
room temperatures ( R = f77/ 1300 ) to the known value of R of an established
crystalline compound. For, silicate glasses [33], R 2.5 when Sn 2+ is coordinated to
4 oxygen. Therefore, the recoil free fraction, f of the Sn2+ at 77K and 300K for the
5.4
155
materials in Table 5.13 were calculated from their corresponding Debye temperatures
using equations given in chapter 3. i.e equation 3.26 for 77K and equation 3.28 for
300K. The results of this are given in Table 5.14. which indicates that Sn in the glass
is coordinated to 4 oxygens.
Table 5.14: The R = 177' f 300 factor.
Compound A 77K) A 300K ) R Coordination
number of Sn
Known or proposed
structure
SnO in SnO-S/07
glass 0.62 0.24 2.6 4 ionic + covalent
SnO amorphous 0.27 0.19 3.1 ? ?
SnO crystalline 0.65 0.27 2.4 4 ionic + covalent
5.8.2 THE TEMPERATURE DEPENDENCE OF THE ISOMER SHIFT
The temperature dependence of the isomer shift could be analysed in terms of
the molar volume and the expansivity of the glass. Glass samples 32.6 and 49.4 mol.%
SnO were chosen for this purpose.
Figure 5.18 shows the variation of the total shift ( 5 ) as a function of
temperature of the glasses chosen. For both samples the shifts decrease with increase
of temperature. Since - D— 100K for the glass, the high temperature limit according
2
to the Debye model is when T> 100 K. Therefore for T> 100 K, the change of total
shift with temperature for both samples are according to
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Figure 5.18: Variation of the total shift of Sn 24- illOssbauer spectra of some SnO-Si02 glasses as a
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as / aT = (-2.78 ± 0.03 ) X 104 inms- 1 K-1 { 32.6 mol.% SnO }
	
5.5 (a)
as / aT = (-2.90 ± 0.01) X 10-4 mms- 1 K- 1 { 49.4 mol.% SnO }	 5.5 (b)
The measured shift ( 6) has contributions from the isomer shift ( 8 1-measured at 77K)
and the second-order Doppler shift ( 5 1 - the classical high temperature limit ), so that
8 = 81 + 81	 5.6
The second-order Doppler shift (3T) is independent of temperature and is given by
the expression [30]
asTi = -3R I 21\Ac
where M is the atomic mass of the Môssbauer nuclide, R is the gas constant and c is
the speed of light. For 119Sn,
asTt ar = -3.5 X 10-4 mms- 1 K- 1	5.8
Since 5 = 51 + 51, the difference between 5.5 and 5.8 will give the experimental value
of oval'. Hence, for each sample, the experimental values of O5I/ aT are as follows,
asy 61. = ( 0.72 ± 0.03 ) X 10-4 mms- 1 K- 1 {32.6 mol.% SnO}	 5.9(a)
a61/ aT = ( 0.60 ± 0.01 ) X 10-4 mms- 1 K- 1 { 49.4 mol.% SnO}	 5.9(b)
The change of the isomer shift with tin concentration ( C ) and temperature are related
by,
asi _ as i aon 
-(13	)/( 5.10
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where 13 is the expansivity,  C is the tin concentration and V is the molar volume. For
both glasses e(ln V) --0.083 ± 0.002 mms- 1 K- 1 ,	 = -0.22 + 0.01 mms- I mo1- 1 and
ac	 ac
= 3a, whose values are given in Table 5.18. Using equation 5.10, the predicted
values of a511 UT were calculated for both glasses. The predicted and the theoretical
values of asil aT are presented in Table 5.15.
Table 5.15: The values of (3.51/
Glass samples Experimental Predicted	 1 Molar voltage 1
asIi ar ( x 104 rruns-11(-1 ) M./ al- (X 10-4 nuns-10) contribution
32.6 moL% SnO 0.72 1 0.03 0.341 0.02 47%
49.4 mol.% SnO 0.601 0.01 0.391 0.01 65%
Hence the change of the isomer shift with change of temperature is not 100 %
contributed by the changes to the molar volume. Therefore the observed decrease in
the isomer shift with increase of SnO content could be partly attributed to the increase
of screening of the s orbital by the increasing electron density in the p orbital. The
increase of the p electron density could be through the change of hybridization due to
the formation of Si—O—Sn linkages that strengthen the glass network with increase
of SnO.
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5.9 PHYSICAL PROPERTIES OF SnO-Si02 GLASSES
The physical property measurements carried out on glasses in this system are
viscosity, density and molar volume, thermal expansion and refractive index.
5. 9 .1 VISCOSITY MEASUREMENT
Viscosity measurements were carried out on six glass samples. Depending on
the sample composition, the temperature range covered was between 380°C and
800°C and the viscosities measured ranged from 10 6.5 to 1012 Pa s -with + 2°/.3 error in
the value of log 10 TI. Figure 5.19 shows the viscosity-temperature behaviour of the
glasses. For some glasses of compositions 39.7, 49.4 and 55.4 mol.% SnO, the
decrease in viscosity goes to a minimum before increasing with increase of
temperature. The minima were identified, by comparing with the DTA traces ( chapter
6), as the onset of crystallization of the glasses.
Figure 5.20 shows the graph of log 10 ri versus the reciprocal of absolute
temperature of some of the glasses studied. The straight line equation
logio = 	 + A
2.3RT
was used to fit the data. The slope of the line gives the activation energy for viscous
flow ( E ) for the glasses. Two lines were fitted to the data from the glasses of
compositions 39.7, 49.4 and 55.4 mol.% SnO. The intersection of the two straight
lines will give the temperature of the onset of the crystallization event for the glasses;
its values thus found are of the order of those given by the DTA traces of the glasses.
Table 5.16 gives the values of E1 and the temperatures of the onset of crystallization
for the glasses studied.
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Figure 5.19 : Log jog versus temperature of some SnD-S102 glasses.
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Table 5.16: Activation energy of viscous flow of SnO-SiO 2 glasses.
Samples Mol% SnO
Eq(KJ/mol)
Before
crystallization
Er1(KJ/mol)
Afier
crystallization
Onset of
crystallization
from viscosity
( 110°C)
Onset of
crystallization
from DTA
(1 P-C)
TSO 0 565* - -
TS! 16.8 377 1_33 - - -
TS2 28.2 366 128 - -
TS4 32.6 352i373 - -
TS5 39.7 341 1 34 232 116 620 665
TS7 49.4 366 1 45 492 1 69 540 586
TS9 55.4 345 141 764 1 50 540 595
* Taken from reference [34]. ( 4.19 Joule = 1 calorie )
Figure 5.21 is the graph that shows the variation En ( before crystallization ) as a
function of SnO content. For comparison, the activation energies for viscous flow for
SnO-Si02 glasses were plotted on the original graph taken from reference [34], which
shows how the activation energy varies with metal oxide content in several binary
silicate glasses. The activation energies of viscous flow in the temperature range of
500 to 850°C for Pb0-Si02 glasses, calculated from the viscosity data taken from
reference [37], were also plotted on the graph of Figure 5.21. The large decrease of
activation energy of viscous flow from pure silica to about 10-20 mol% alkali metal
and alkaline earth metal oxides, and the subsequent gradual decrease, indicate a rather
abrupt and significant change in the structure as the metal oxides are added to silica
[35]. For SnO-Si02 glasses, the decrease in the activation energy of viscous flow is
not as large as in the alkali metal and alkaline earth silicates. The decrease in the
activation energy of viscous flow of SnO-Si0 2 glasses is of the same order as the
Pb0-Si02 glasses. This suggest that SnO does not depolymerise the glass network in
the same way as the alkali metal and alkaline earth oxides do. The behaviour of SnO in
silicate is closely related to Pb0 and different to the modifying behaviour of the other
oxides. Pb0 has been known to act as an intermediate in silicate glass at high Pb0
contents.
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5.9.2 DENSITY AND MOLAR VOLUME
The density and molar volume of the glasses are presented in Table 5.17. The
variation of density and molar volume as a function of SnO content are shown in
Figure 5.22. The lines represent least squares fitted straight lines for both the density
and molar volume versus SnO content. As expected, the density increases and the
molar volume decreases with increasing SnO content. Drake et al [36] suggested
that a monotonic change in density with composition would suggest that the structure
of a glass does not change with composition; a change in the structure would be
reflected by a change in the slope of the density against composition plot. A closer
look at the density versus composition plot shows a slight deviation from linearity at
around 35 to 45 mol% SnO and this is more pronounced in the molar volume plot.
This could suggest that SnO is changing its position from a modifier to a network
forming role through some sort of structural contraction. The density versus mol% of
SnO plot of Ishikawa & Akagi [3] , however does not indicate this is happening but,
by radial distribution studies they showed that for SnO content greater than 35 mol%
the Sri-0 distances are shorter when compared to glasses with SnO content less than
35 mol% SnO. The Sn-0 distances for glasses with less than 35 mol% SnO are
almost the same as in crystalline SnO.
The straight line fit of density versus mol.% SnO follows the
equation p = 0.0341x + 2.18 , where x is the mol.% SnO. From this equation, the
experimental values of Si02 glass and SnO are 2.18 ± 0.23 g/cm 3 and
5.59 ± 0.56 g/cm3 respectively. These can be compared to the values of 2.20 g/cm3
[37] for Si02 glass and 6.45 g/cm 3 [38] for crystalline SnO. Although the
discontinuities in these plots are not that pronounced, there are discontinuities in other
physical properties which may be related to a change in structural role of SnO in the
glass.
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Table 5.17 . The nominal and analyzed composition, density and molar volume
of SnO - Si02 glasses
Samples Analyzed Composition (nnol% )
SnO	 Si02
	
Al203
(Chemical ± 1.6%) (By difference) (NMR ± 0.16%)
Density (p)
g/cm3
Molar
Volume (Vm)
cm3/mole
TS0 0 100
- 2.20* 27.31
TS1 16.8 83.0 0.2 2.681 27.12
7S2 28.2 71.2 0.6 3.090 26.33
TS3 29.6 70.13 0.27 3.120 26.37
TS4 32.6 67.09 0.31 3.323 25.44
TS5 39.7 60.0 0.3 3.584 25.06
7S6 40.9 58.7 0.4 3.744 24.24
TS7 49.4 50.4 0.2 3.867 25.09
TS8 53.5 46.4 0.1 3.873 25.83
TS9 55.4 43.3 1.3 3.973 25.66
7'S10 64.0 35.4 0.6 4.282 25.24
TS11 71.5 27.4 1.1 4.435 25.68
* Taken from reference [37 ] pg. 19
5.9.3 THERMAL EXPANSION
The thermal expansion of glass is sensitive to changes in composition and
structure of the glass, e.g. degree of polymerization, type of structural units and the
role played by different cations, i.e. whether they occupy network modifying or
network forming positions in the network [39]. The thermal expansion coefficient
reflects the strength of the cross-linking of the network and in turn the strength and
directionality of the cation-oxygen bonds. If the binding force is strong, the
cation-oxygen separation will be increased by only a small extent due to a given
increase in the vibrational energy. A measure of the closeness of the packing and
therefore the binding forces' can be expressed in terms of the volume of glass which
contains one mole of oxygen or the molar volume of oxygen ( Vo) [40]. A high value
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of Vo gives a high coefficient of thermal expansion and vice versa. Table 5.18, gives
the coefficient of linear thermal expansion (a), oxygen molar volume, transformation
temperature ( Tg ) and the dilatometric softening point ( Mg ) for the glasses studied.
Figure 5.23 shows the variation of thermal expansion and oxygen molar volume as a
function of SnO content. The thermal expansion and oxygen molar volume show the
same trend with increase of SnO, with an inflexion in the 30-40 mol% SnO region. In
the inflexion region there is some sort of rearrangement to a more compact structure
which reflects the changing role of Sn 2+ from modifier to glass former.
The variation of Tg and Mg as a function of SnO content ( Figure 5.24 ) show
the same overall trend. Tg and Mg decrease sharply when the SnO content increases
from 16.8 to 30 mol%. For this composition range the SnO operates as a modifier,
creating non-bridging oxygens, weakening the glass structure and thus decreasing Tg
[41-42] and Mg. For SnO contents greater than 30 mol% the change in Tg and Mg is
very slow indicating that SnO is now playing a different role in the glass structure. We
suggest that SnOn groups or chains are taking part in a more covalent cross-linking
with SiO4 groups [41].
Table 5.18: Coefficient of linear thermal expansion (a), oxygen molar volume ( T/ ),),
transformation temperature ( Tg ) and dilatometric softening point ( Alg ) of SnO-Si02 glasses.
Samples Mol% SnO a( 10 —71C-1)
[ 30 - 400 °C]
Vo ( cm3/ mole ) Tg (°C) Mg (°C )
TS0 0 5.7* 13.65 - -
TS1 16.8 25.8 14.78 651 711
TS3 29.6 44.1 15.43 485 517
7S4 32.6 42.5 15.17 477 508
TS6 40.9 43.9 15.19 453 493
TS7 49.4 50.1 16.64 425 476
TS8 53.5 53.2 17.62 414 473
TS9 55.4 54.1 17.59 417 476
TS10 64.0 61.6 18.60 428 483
*Taken from reference [37] pg. 19
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5.9.4 REFRACTIVE INDEX AND MOLAR REFRACTIVITY
Table 5.19 gives the refractive index and molar refractivity data for the glasses
studied. The refractive indices are higher than alkali silicate and alkali earth silicate
glasses [37], but are not as high as lead silicate [37] and stannous germanate [6]
glasses. This is consistent with the molar masses involved. The variation of refractive
index and molar refractivity as a function of SnO content are shown graphically in
Figure 5.25. To explain the effect of composition of glass on its refractive index and
indirectly upon its structure, we shall use the Lorenz & Lorentz formula for molar
refractivity ( Rm ) which relates the molar volume ( Vm ) and the refractive index ( ri )
by the equation,
Rm —  
Vm(ri2 — 1)
(12 +2)
	 5.12
The molar refractivity is proportional to polarizability ( 47 ) according to the
relationship,
Rm — 4 nNa
3
where N is the Avogadro number. Rm is a measure of electron polarization i.e. the
displacement of the electron cloud under the effect of the visible electromagnetic wave
and it also represents the actual volume of the polarisable particles i.e. the space in
glass occupied by atoms [43-44]. Equation 5.12 can be written as
2 
_ 
1+2Y
n
where Y — Rm .
Vm
5.13
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5.14
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Hence a low value of Vm (when the structure gets denser) and a high value of
polarizability (o-) will result in a high refractive index. Turning to Figure 5.25 we see
that the refractive index and the molar refractivity increase rapidly as SnO content
increases from 0 to 20 mol%. The non-bridging oxygens introduced by SnO are more
deformable giving higher polariz.ability and therefore higher values of refractive index.
If the structural role of Sn2+ remained constant the trends in refractive index and
molar refractivity would continue and there would be a continuous change of Vm and
Rm on replacement of Si02 by SnO. However from 20 mol% SnO onwards the molar
refractivity dips and has a minimum value at around 33 mol% SnO. The decrease in
molar refractivity in this composition range ( 20-33 mol% SnO ) retards the increase in
refractive index as shown by the plateau in the graph. The observed positive deviation
from linearity of Vm will produce some contribution to the negative deviation from
linearity of ri and o and the minimum in the molar refractivity versus composition plot
is an indication of structural change in the glass structure [44-45].
Table 5.19: Refractive index ( 77D ) and molar refractivity ( Rm ) ofSnO - Si02 glasses
Samples Mol% SnO 1D (A = 589.6 nm ) Rm ( cm3 / mole)
TSO 0 1.4584 7.46
TS1 16.8 1.6406 9.78
TS2 28.2 1.6561 9.68
754 32.6 1.6571 9.36
TS5 39.7 1.6954 9.64
TS7 49.4 1.7347 10.06
7S8 53.5 1.7351 10.36
5.10 CONCLUSIONS
The process of making a SnO-Si02 glass is complicated by the
disproportionation of SnO to Sn02 and Sn metal. Thus, the presence of Sn02 and Sn
metal together with SnO in the melt make it impossible to pour the melt into any
required shape and also impossible to control the final composition of the glass.
Although, this is the case, glasses in this system can be made up to compositions past
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the orthosilicate composition. A maximum of – 70 mol.% SnO has been successfully
incorporated in the binary SnO-Si0 2
 glass. Glass with less than 20 mol.% SnO has not
been made successfully because of the requirement of high melting temperature
(.1 600°C ) that increased the contamination by Al 203 from the alumina crucibles and
thus increased the viscosity of the melt. ( Silica crucibles are only suitable for low
temperature melting ( < 13 00°C ) and platinum crucibles are not suitable because of
the tendency of Sn metal to attack the crucibles ). At high SnO contents where the
melting temperatures are comparatively low, Al203 contamination was minimised by
melting the charge in pellet form and melting for the minimum time. Thus apart from
problems due to the disproportionation of SnO , the choice of suitable crucibles is also
limiting. Attempts to make the glass with low SnO content ( < 20 mol.% ) by sol-gel
method were hampered by limited availability of suitable precursors.
The first attempt to explain the ability of glass to form with high SnO contents
is in terms of the polarizing power of Sn 2+ and the structure of SnO. The glass
system was compared to the Pb0-Si02 system, which can form glass past the
orthosilicate composition. The polarizing power of Sn 2+ is slightly higher than Pb2+
and very much higher than Na±. This means that the Sn—O bonds are more covalent
and directional than Na-0 bonds, thus the kinetic stability of the glass is enhanced
because it is more difficult to rearrange SiO4 groups linked together via strong,
directed Sn	 0 bonds. In terms of structure, the deformability of the [Sn04]
polyhedron makes it easy to accommodate in the holes of the structural network of the
glass.
The 29Si MAS NMR results have shown that SnO does not depolymerise the
silicate network to the same extent as Na20 or even Pb0. Computer simulations
showed that, for SnO contents below –30 mol.%, the disposition of Qn
 species is
consistent with the binary model, which means SnO acts like traditional modifier. For
compositions greater than 30 mol.% SnO, the Qn distribution follows the statistical
model. This is compatible with the concept of Zachariasen's [46] random network
theory, which implies that SnO is acting as an intermediate oxide in the glass. Hence,
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at high SnO content, Sn2+ becomes bonded to non-bridging oxygens through the
formation of Si 0 Sn linkages that restore the backbone of the glass structure.
Although the 119Sn NMR did not give much structural information due to the high
chemical shift anisotropy of Sn2+
 sites, it showed that the glass also contains very
small amounts of SO+
 species. The 1195n Môssbauer results showed that the
decrease in isomer shift with increase of SnO is indicative of increasing covalent
character of the Sn—O bonds while the larger quadrupole splitting suggests the
distortion of the SnO polyhedral structure in the glass. A maximum in the isomer shift
at –30 mol.% SnO has been suggested as the point where the SnO changes role from
modifier to an intermediate. The relation of the isomer shift and the quadrupole
splitting shows that Sn2+ has significant p character which involves thep, orbital. The
results of the temperature dependent Môssbauer spectra of the glass showed that the
increase of the electron density of the p orbital is not solely attributable to the changes
to the molar volume alone. Other factors such as the change of hybridization due to
the formation of Si—O—Sn linkages, could also contribute.
The viscosity measurement results showed that the decrease in the viscosity of
the glass with increasing SnO is small when compared to the decrease of the viscosity
in alkali metal and alkaline-earth metal silicates when the respective modifier oxide is
increased in those glasses. From the fact that the stannous silicate glass can form glass
past the orthosilicate composition, one can see that SnO has the characteristic of an
intermediate or conditional network former at higher concentration of the oxide. The
effect on some of the physical properties studied at low SnO concentration seems to
follow the behavior of a modifier but at SnO contents around 30-40 mol% there is a
discontinuity in the variation of the physical properties which may relate to a change in
the structural role of SnO by which the network is strengthened again. This is
supported by 29Si NMR and 119Sn MOssbauer studies of these glasses which have
indicated a change in bonding at around 30-35 mol.% and formation of Si-O-Sn bonds
of significant covalent character. These linkages help to restore the strength of the
glass network.
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Chapter 6 - Differential Thermal Analysis
and Devitrification of SnO-Si02 Glasses
This chapter presents the results and discussion of differential thermal analysis
and the characterisation of some heat treated SnO-Si02 glasses. The techniques
employed were Differential Thermal Analysis, X-Ray Diffraction, 1 19Sn Môssbauer
Spectroscopy, 29Si MAS NMR and Scanning Electron Microscopy.
6.1 DIFFERENTIAL THERMAL ANALYSIS
Differential Thermal Analysis ( DTA ) traces of the glasses were obtained in
air. Table 6.1 gives the values of Tg and the positions of the maxima of the exothermic
peaks obtained from the DTA traces of the glasses. The variation of Tg as a function
of SnO content is shown in Figure 6.1 using values obtained from both DTA and
thermal expansion. Generally both methods give similar trends in Tg as SnO content is
varied in the glass.
The DTA traces can be classified into three groups, as seen in Figure 6.2. The
first group is for the composition range 17 to 33 mol.% SnO ( TS1, TS2, TS3 and
TS4 ), whose DTA traces featured a single, very broad exothermic peak spanning the
temperature range 650°C to 1050°C. The second group is for the composition range
40 to 41 mol.% SnO ( TS5 & TS6 ), showing three highly overlapping exothermic
peaks that can be visually resolved into one broad and two narrow peaks. The third
group is for the composition range 50 to 64 mol.% SnO ( TS7, TS8, TS9 & TS10 ),
showing three readily resolved overlapping exothermic peaks, one broad and two
narrow. When it comes to assigning the exothermic peaks to particular events,
Pope [1] has given some guidelines regarding this matter. According to him, for glass,
narrow exotherms indicate decomposition or crystallization (ordering) or oxidation of
a metastable state; broad exotherms denote chemical reaction and a very broad
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exotherm could indicate oxidative degradation of the material. As can be seen in
Table 6.1, the three exothermic peaks ( Tx1 , To and To ) occur at about the same
temperatures for samples in the second and third group. This means that the
exothermic peaks for these groups probably arise from the same thermal events.
Table 6.1: Glass transition ( Tg) and position of exothermic peak maximum obtained from the DTA
experiment.
,
Glass Mol.%
SnO
T,
( ± 10°C)
Positions of peak maximum of the exothermic events
751
(±5°C)
Tx3Tx2
Group 1
7S1 16.8 685 1067 (VB) - -
TS2 28.2 370 920 (VB) - -
TS3 29.6 356 915 (VB) - -
*TS4 32.6 478 864 (VB) - -
Grap_i 2
TS5 39.7 438 660 (B) 741 (N) 783 (N)
*TS6 40.9 400 660 (13) 738(N) 780(N)
Grap_i 3
7S7 49.4 368 586 (B) 714 (N) 776 (N)
TS8 53.5 378 591 (B) 718(N) 783(N)
*T59 55.4 403 595 (B) 720(N) 782(N)
,	 TS10 ._	 64.0 433 605 (B) 713 (N) 773 (N)
B - Very broad ( FWIllid — 300°C). B - Broad ( FWHM 100°C). N - Narrow ( FWHM— 500)
* Samples that were selected for heat treatment experiments.
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6.2 HEAT TREATED SnO-Si0 2 GLASSES
Because the glasses were very difficult to make, the availability of glass, from
each composition, was limited for the heat treatment experiments. Thus only one
composition from each group was selected for heat treatment experiment. Samples
TS4, TS6, TS9, were selected from group one, two and three respectively.
6.2.1 BEAT TREATMENT IN AIR
Having determined the exothermic peaks from the DTA traces, fragments of
glass from the three selected glass samples were heat treated in an electric furnace
under ordinary atmosphere. Separate glass samples were inserted in the furnace at
room temperature and heated in turn to the maximum temperatures corresponding to
the exothermic peaks and maintained at the maximum temperatures for a specific time
before being cooled to room temperature. The samples were then subjected to X-ray
diffraction analysis for phase identification. The results of the heat treated glasses are
discussed below.
Group 1
Glass TS4 with SnO content of 32.6 mol.% stayed glassy with some superficial
oxidation after heat treatment at 700°C for 5 hours. Heat treatment of a sample at
900°C for 3 hours showed that the glass appearance was degraded. X-ray diffraction
showed precipitated crystalline phases of Sn02, Si02 (a-cristobalite) and traces of
glass phase. These results showed that the very broad exothermic peak of the DTA
trace corresponds to oxidative degradation or decomposition of the glass. It can be
concluded that glasses with  33 mol.% SnO are very hard to devitrify i.e.
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decomposition occurs before crystallisation can take place. This result is the same as
that observed by Carbo Nover et al [1] and Ishikawa et al [2].
Group 2
Samples of glass TS6, with 40.9 mol.% SnO, underwent heat treatments
corresponding to each of the three exothermic peaks. Heat treatment at 670°C for 3
hours produced the metastable crystalline SnSiO 3 [2-4] as the major phase + SnO as a
minor phase + some Sn02 + Si02 (cristobalite) phases and traces of glass estimated
at about 8 %. The second heat treatment at 730°C for 4 hours produced Sn0 2 + Si02
(cristobalite) as the major phases + minor phases of SnSiO 3 and SnO and about 3%
of glass was left. The third heat treatment at 770°C for 5 hours produced Sn02 +
Si02 ( cristobalite ). From these results; we can assign the first small broad peak Tix
as the devitrification peak that produces the metastable SnSiO3. The second peak Tx2
corresponds to decomposition of metastable SnSiO3 to SnO and Si02 and the third
peak Tx3 is the oxidation peak of SnO to Sn02.
In addition to producing the SnSiO3 crystal phase, the first heat treatment at
670°C also produced other phases. Two reasons can be suggested for this. The first
reason is that peak Tx1 is broad and overlaps with the decomposition peak; hence, as
SnSiO3 crystalline phase precipitated in the glass, some of it also started to decompose
to SnO and Si02. The presence of some Sn0 2 crystal phase can be attributed to the
fact that these glasses also contain a very small amount of dissolved Sn 4+
 species
( SnO2 ). Because of its low solubility in glass, it is thought that the SO + environment
in glass differs little from its crystalline form ( chapter 7); Sn02 in the glass could thus
easily be reverted back to its more stable Sn0 2 crystal phase. In air this process is
speeded up.
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Group 3
Glass TS9 with 55.4 mol.% SnO underwent four separate heat treatments,
each time carried out on fresh glass pieces. After heat treatment at 570°C for 2 hours,
—70% of the material stayed glassy with some precipitation of SnSiO3 , SnO2 and SnO
phases. Heat treatment at 620°C for 3 hours produced more SnSiO 3
 , making it the
major phase, with minor phases of SnO , Sn02 and Si0 2 ( cristobalite ) and — 40% of
glass was left. These two heat treatment temperatures lie within the range of the first
exothermic peak, Txi , which can be identified as arising from formation of metastable
SnSiO3 . The reasons for the presence of the other phases, apart from SnSiO3, are the
same as given before for group 2. Heat treatment, corresponding to the second peak
Tx2, was carried out at 720°C for 4 hours and produced Sn02 and Si02 (cristobalite)
phases with — 20% glass remaining. Heat treatment at 780°C for 5 hours produced
Sn02 and Si02 (cristobalite). This last heat treatment corresponds to Tx3, which can
therefore be assigned as the oxidation peak. The second peak of Tx 2 is thus identified
as decomposition of SnSiO3 into SnO and Si02 but, as the position of the heat
treatment temperature overlapped with the tail of Tx3, the SnO thus produced will
readily oxidise to Sn02. Figure 6.3 shows the XRD traces of the glass after each heat
treatment.
6.2.2 HEAT TREATMENT IN ARGON
The results of the DTA and heat treatment experiments have shown that
glasses with SnO contents  40 mol.% can be crystallised to form a metastable
compound SnSiO3 in the temperature range of 570°C to 680°C. According to
Ishikawa et al [2], the structure of the SnO-Si02 glass appears to resemble the
crystalline metastable stannous metasilicate, SnSiO3. Therefore the crystalline phase
SnSiO3 is important. SnSiO3 cannot be easily formed as a single phase by
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devitrification. Decomposition and oxidation reactions simultaneously accompany the
formation of the SnSiO3 phase. Therefore, it was decided to try the heat treatment in
an inert gas atmosphere, argon, using remaining samples of TS6 and TS9.
Glass TS6 ( 40.9 mol.% SnO )
This glass was heat treated in argon from cold and remained at 600°C for 4
hours before being slowly cooled to room temperature. Visually the glass appeared
fully crystallised with a homogenous yellow colour. XRD showed that SnSiO 3 was the
major phase with trace amounts of SnO and Si02 , and —25% of glass left. Figure 6.4
shows the XRD traces for this glass when heat treated in Argon as compared to heat
treated in air.
Glass TS9 ( 55.4 mol.% SnO)
This glass was heat treated in argon from cold and remained at 590°C for 4
hours and slowly cooled to room temperature. Visually the glass appeared fully
crystallised, giving a block coloured in various shades of brown. XRD showed that
SnSiO3 was the major phase with a trace of SnO and —30% of glass left.
This shows it is possible to crystallise the glass to get the metastable SnSiO3
crystal phase by heating in an inert atmosphere but again, traces of other crystal phases
and some glass pose difficulties in analysing the results properly.
6.2.3 SUMMARY OF THE RESULTS OF BOTH HEAT TREATMENTS
It is instructive to look at the results of these heat treatments as a whole and
they are summarised in Table 6.2. It should be borne in mind that samples heat treated
at a particular temperature will in fact pass through the preceeding transformation
ranges as they come to equilibrium.
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positions of the main peak of the various phases present. The symbol # inch cares the peaks from
aluminium sample holder.
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Table 6.2 : Summary of the results of heat treatment of some SnO-Si0 2 glasses
Sample and heat
treatment SnSiO 3 SnO SnO 2 SiO 2 Glass
M (superficial oxidation).
t
TS4 - Air 700°C/ 5 h - -
- -
TS4 -Air 900°C/ 3 h - - M M
TS6 -Air 670°C/ 3 h Al m m m — 8 %
TS6 - Air 730°C/ 4 h m m M M(c) —3 %
TS6 -Air 770°C/ 5 h - - M M(c) -
TS6 - Argon 600°C
/ 4 h
M t - t(c) — 25 %
._
TS9 - Air 570°C/ 2 h in m m - — 70 %
TS9 -Air 620°C/ 3 h Al m m - — 45 %
TS9 -Air 720°C/ 4 h - - Af .111(c) — 18 %
TS9 -Air 780°C/ 5 h - - M M(c) -
TS9 - Argon 590°C
/ 5 h
AI t - - — 30%
M - Major phase. m - minor phase. t - trace phase. c - cristobalite
Scanning Electron Microscope observations of the heat treated glasses were
carried out on some of the samples. Some micrographs are shown in Figure 6.5 and
6.6. The morphology of the crystals grown by heat treatment both in air and argon for
glass TS6 is lamellar. For glass TS9 the morphology of the crystals is spherulitic, both
grown in air and argon.
6.3 119Sn MOSSBAUER SPECTRA OF HEAT TREATED GLASSES
119Sn MOssbauer spectra of heat treated glasses were taken at 77K. Typical
spectra of the heat treated glasses in air are shown in Figure 6.7. They show a doublet
(Sn2±) and singlet (SO) with the Sn2+ species being oxidised to SO+ as the heat
treatment temperature gets higher. The spectra ( Figure 6.8 ) from glasses heat treated
in argon show only doublets indicating that tin is still in the 5n2+ state. As can be seen
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(a)
(b)
Figure 6.5 : .SE.11 micrograph.s. 0/heat treated TS6 glasses. (a) Heat treated of 600`C for 5 hours in
air. ( b) Heat treated at 600`C for -I hours in argon. The morpholog y of the cr ystal is lamellar for
both grown in air and argon.
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(a)
(b)
Figure 6.6: Sal micrographs of heat treated TS9 glasses. (a) Heat treated at 590°C for 5 hours in
air. (b) Heat treated at 590°C for 5 hours in argon. The morphology of the crystal is spherulitic for
both grown in air and argon.
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in both Figures 6.7 and 6.8, the singlet was fitted with one component and the doublet
fitted to two components. In this way the doublet belonging to the Sn 2+
 site in
SnSiO3 phase has been identified. The Miissbauer parameters of Sn2+
 in SnSiO3
phase are compared to the parent glass and also to crystalline SnO, as shown in
Table 6.3.
Table 6.3 : MOssbauer parameters of the Sn 2+ site in SnSiO3 , in the parent glass and in
crystalline SnO.
TS6 - 40.9 moL% SnO Glass
SnSiO 3
from heat treatment at
670`C/3 hours in air
SnSiO 3
from heat treatment at
600(C/4 hours in
Argon
-
SnO
( crystalline)
*Isomer shift, (3
(10.005 mm/s) 3.001 2.885 2.897 2.685
Quad. splitting, A
(10.005 mm/s) 2.070 2.277 2.112 1.36
Linewidth, I
(10.005 mm/s) 1.153 0.981 0.993 0.917
TS9 - 55.4 mol.% SnO Glass
SnSiO 3
from heat treatment at
620`C/3 hours in air
SnSiO3
from heat treatment at
590`C/4 hours in
Argon
SnO
( crystalline)
*Isomer shift, 6
(10.005 mm/s) 2.964 2.918 2.893 2.685
Quad. splitting, A
(10.005 mm/s) 2.044 2.082 2.082 1.36
Linewidth, I
(10.005 mm/s) 1.152 1.017 0.997 0.917
*Relative to CaSnO3 source.
One would expect the parameters of Sn2+ in SnSiO3 to be the same whatever
the glass composition or heat treatment. The difference presented in Table 6.3
illustrates the problems associated with the fitting of the Miissbauer lineshapes. The
191
Glass TS9
570°C
__.	 .
620°C
—...,
-	 Sn2+
/ 2 hrs - Air
_
..
Sn4+
sn2+
/ 3 hrs - Air
,--,--
720°C
sn4+
	 sn2+
/ 4 hrs - Air
780°C
------1,	
Sn2+
SO+
/ 5 hrs - Air
.,
1 I	 1 1 I
0.00
20.00
0.00
15.00
0
'4=
g- 0 .00
U)
_CI
•cC
a)
.75`) 15.00
0_
0.00
25.00
0.00
2500
TS9 - 55.4 mol.% S110
-4.0
	
0.0	 2.0	 4.0
	
6.0
Velocity (mm/s)
Figure 6.7: 119Sn Aids:shatter spectra of 79 glass and air heat treated 7S9 glasses.
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I0
TS9 - 590°C / 5 hrs in argon
111 11i 	 I	 I	 i	 -1	 I
	
1	 1	 I	 1
	
I	 I	 I
10-
IS.
20-
-8	 -7	 -6	 -5	 -4	 -3	 -2	 -1	 0	 1	 2	 3	 4	 5	 6	 7	 8
15
TS6 - 600°C / 4 hrs in argon
20
Velocity ( minis)
Figure 6.8: I9Sn A leisshaner spectra of glass 7S6 and 7S9 after heal treatment in argon.
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species which could be contributing to the Sn 2+ doublet are ; Sn2+ in SnSiO3, Sn2+
in SnO and Sn2+ in any residual glass. It was feasible only to fit the doublet to two
gaussians. The species with the smaller quadrupole splitting, ( 1.2 - 1.4 mm/s )
corresponds to crystalline SnO ( 1.36 mm/s ). Therefore the doublet with the larger
quadrupole splitting must incorporate Sn2+ in SnSiO3 and any Sn2+ remaining in the
glass phase. The quadrupole splitting associated with the Sn2+ site in SnSiO3 is higher
than in glass. This shows that the Sn2+ site is experiencing a greater electric field
gradient due to the influence of, probably the neighbouring ions. Formation of the
SnSiO3 crystal phase necessitates the formation of Si—O—Sn bonds and the
nonequivalence of these bonds is manisfested in the greater values of the quadrupole
splitting. The isomer shift of the Sn2+ site in SnSiO3 is slightly lower than in the
corresponding glass and the linewidth is narrower. This narrowing is to be expected
because Sn2+ species are now in a more ordered lattice arrangement as compared to
the low order in glass.
6.4 29Si MAS NMR OF BEAT TREATED GLASSES
Due to the small amounts of heat treated samples at our disposal, only a few
samples of glass TS6 were used for 29Si MAS NMR experiments. Generally the
chemical shifts of 29Si in the heat treated samples are shifted considerably towards
higher field as compared to glass. Table 6.4 gives the summary of the 29Si MAS NMR
spectra for the devitrified glasses as compared to the parent glass.
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Table 6.4: Summary of 29Si MAS NAIR spectra for glass TS6 ( 40.9 mol.% SnO)
Glass Heat treated in Argon
600`C / 4 hours
Heat treated in air
670`C / 3 hours
Heat treated in air
770 `C / 5 hours
Peak position
of chemical
shift for the
main peak
( i0.1 ppm)
-100.6 -109.5 -110.1 -111.2
REHM (	 0.1
PPm)
23.2 14.2 13.8 11.6
Descriptions
of the spectra
Asymmetric
broad peak
The main peak is from
Si site in SnSiO 3 and
there is a broader peak
at less negative shift
identified as belonging
to the residual glass
The main peak is from
Si site in SnSiO 3 and
there is a broader peak
at	 less	 negative	 shift
identified as belonging
to the residual glass
The main peak is from
Si site in cristobalite
plus a broader peak at
less	 negative	 shift
identified as belonging
to the residual glass
6.5 CONCLUSIONS
The experiments have shown that glass containing  40 mol.% SnO can be heat
treated in the temperature range of 570°C to 680°C to produce a metastable crystalline
phase called stannous metasilicate ( SnSiO 3 ). This is consistent with the observations
of Carbo Nover et al [2] and Ishikawa et al [3]. At temperatures above —700°C this
phase decomposed to SnO + Si02 and at temperatures greater than 720°C oxidation
of SnO + Si02 to Sn02 and Si02 ( cristobalite ) took place. Sn metal was not
observed to be one of the products of the devitrification process, contrary to the
reports of Carbo Nover et al [2] and Ishikawa et al [3]. The crystallisation,
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CRYSTALLISATION
decomposition and oxidation of the SnO-Si02 glasses can be summarised
schematically in Figure 6.9 below.
Glass
Glass	 +	 SnSiO3
DECOMPOSITION
	
I
z.,„,--•-----,	 4,,----"--,,__...
Glass SnO	 S102
OXIDATION 1
SnO2	S102
Figure 6.9 : Schematic diagram of the mechanism of devitrification of SnO-Si02 glasses.
It was generally found that the decomposition and oxidation events overlapped and the
overlapping is much more pronounced if the heat treatment is carried out in air. The
SnSiO3 crystal phase can be grown by heat treatment in argon but XRD analysis
showed that the product was not single phase under the conditions used.
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Chapter 7 - Tin-Doped Float Glass
7.1 INTRODUCTION
The general process of making the float glass has been outlined in chapter 1,
which shows how molten tin in the float chamber modifies the physiochemical
characteristics of the glass surfaces as compared to the bulk of the glass. Chapter 2
briefly reviewed some of the few past studies that have concentrated on the
determination of tin oxidation states and profiling the tin concentration as a function of
depth. A high concentration of tin is found in the first — 10 nm thickness of the surface
and the concentration decreases rapidly with increasing depth. Only about one tenth of
the float side concentration is found in the upper surface. Those studies also saw
differences in the depth of tin diffusion, the type of tin oxidation states ( Sn 2+ or SO+
or Sn° ) and their relative amounts. These differences are due to variations in the
production conditions, such as the thickness of the glass produced, the time the glass
spends in the float chamber and the cleanliness of the float chamber. Depending on the
glass thickness, hence the diffusion time, the maximum depth of tin diffusion reported
is — 40 p.m ( diffusion time of— 60 mm. ) into the lower surface [1].
Table 7.1 gives a summary of some of the previous studies of tin in float glass.
Generally most of the studies found that only Sn 2+ and SO+ are present in the glass
and Sn2+ predominates over SO+ but the ratio of Sn2+/Sn4+ decreases with depth.
Figure 7.1 shows a typical tin diffusion profile in the lower side of float glass
specimens produced by Pilldngton Glass Plc. For glass that had undergone heat
treatment for tempering or to produce articles such as curved car windscreens, some
Sn2+ oxidized to SO+ , and Sn2+ was no longer the predominant species. As for the
effect of tin on float glass, the studies of Sieger [2] concluded that the chemical effects
of tin on float glass very seldom lead to problems and in some cases are beneficial. For
example, his cyclic humidity tests have shown that tin improved the glass
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Wt% SnO2
10 	
±33
-)K-- ff69
--•- ap91
-,E- ma91
-*-- ju91
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Depth nm (Thousands)
Figure 7.1 : Typical tin diffusion profiles in the underside of float glass produced by Pilkington
Glass Plc. For simplicity the tin oxide concentration is expressed in wt.% SnO 7 , even though it has
been shown that tin in both valence states of +2 and +4 coexist in the glass. It shows that the depth of
tin penetration is to about 6,um and the tin oxide concentration at the surjace is about 10 wt%
(-3mol%). Specimens ap91 and ju91 exhibit what Sieger [2] described as an anomalous hump' or
satellite peak at about 1,ton depth. The graph is obtained by the courtesy of Pilkington Technology
Management, Lathom, Ormslark.
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weatherability. lie also added that too much reduced tin (Sn 2+) can lead to a "bloom"
problem in subsequent oxidizing bending and tempering applications.
The main objective of doping float glass with tin is to study the effect of tin on
the structure and physical properties of float glass. The tin-doped float glass will
contain varying amounts of tin, in different oxidation states, and thus we attempted to
mimic the tin concentration found in the tin-diffused region of commercial float glass.
This chapter present the results and discussion of the studies.
Table 7.2 : Analyzed composition °Bloat glass and tin-doped float glass.
Samples PKO PK2.5S PK5S PK7.5S PK1OS PK12.5S PK15S
Wt.% of SnO added
(nominal)
0 2.5 5 7.5 10 12.5 15
Si0 7
 ( mol.%) 72.91 72.33 72.79 73.07 72.78 73.16 73.28
Na70 (mot %) 11.61 11.84 11.69 11.56 11.66 11.40 11.51
CaO (mol. %) 8.56 8.72 8.54 8.52 8.60 8.48 8.51
MgO (mol.%) 5.81 5.91 5.79 5.76 5.82 5.90 5.67
A170; (mot %) 0.63 0.66 0.66 0.63 0.67 0.60 0.54
K70 (mol.%) 0.34 0.33 0.33 0.34 0.35 0.36 0.36
SO 3 (mot%) 0.07 0.13 0.12 0.06 0.05 0.04 0.05
Fe 70 ; (mot %) 0.04 0.05 0.05 0.04 0.04 0.04 0.04
TiO7 (mot %) 0.03 0.03 0.03 0.02 0.03 0.02 0.04
Zr07 (mot%) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
As70; (mot 9f,2 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Total tin oxide
0
...
1.19 1.39 3.64 5.26 6.00 6.97SnO+Sn02 (mot%)
% Sn2+ tin of total tin
( chemical) 0 5 5 33 28 37 48
The errors in the analysis is 13%
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7.2 GLASS COMPOSITION
In terms of composition, float glass is a complex material but it is normally
referred to as soda-lime-silica glass. The float glass sample obtained from Pilkington
contains Si02, Na2O, CaO and MgO as the major components which make up
98.9 mol.% plus 1.1 mol.% of seven minor components. Table 7.2 gives the detailed
analyzed compositions of undoped (PKO) and the tin-doped float glasses studied. The
tin oxide percentage contents were calculated as additional to the 100% of the
undoped float glass (PKO). Compositional analysis of all samples showed that the
mol.% of the major constituents do not change by more than 2 mol.% between the
samples and the undoped float glass. Therefore; except for tin oxide, the tin-doped
float glasses had the usual composition of float glass constituents.
Table 7.3: Tin contents of tin-doped float glasses
Samples PK2.5S PK5S PK7.5S PK1OS P.K12.5S PK15S
Wt.% of SnO added
(nominal)
2.5 5 7.5 10 12.5 15
Total tin oxide 2.99 3.52 8.93 12.99 14.68 16.83
(analysed)
SnO+Sn0 2 (4,1.%)
SnO (mol.%) 0.06 0.07 1.20 1.47
.
2.22 3.35
Sn0 2
 (mol.%) 1.13 1.32 2.44 3.79 3.78 3.62
Total tin oxide 1.19 1.39 3.64 5.26 6.00 6.97
SnO+Sn0 2
 (mol.%)
mol% SnO 2 / mol% SnO 18.83 18.86 2.03 2.58 1.70 1.08
Errors in the analysis is i 3 %
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The analysis also shows that tin in the glass samples are in the Sn 2+ and SO+
states. The percentage amounts of Sn 2+ out of the total tin species were obtained by
chemical analysis and MOssbauer spectroscopy. The chemical techniques show that
samples PK2.5S and PK5S, contain a very small amount of SnO (Sn 2±). Such small
amounts were not detected by the MOssbauer technique. So, for calculation of the
mol.% of SnO and Sn0 2 contents the chemical technique results were used. Table 7.3
details the tin oxide contents of the tin-doped float glass samples.
The source of the tin oxide in the tin-doped float glass comes from stannous
oxalate, which decomposes to SnO and CO + CO2 gases. These gases help to maintain
a slightly reducing atmosphere during melting. However, some oxidation of SnO to
Sn02 does occur. Thus the concentrations of tin oxide mimic points along the
diffusion profile of tin in float glass, in terms of tin content, but the distribution of
oxidation states may differ.
We have said earlier that SnO is readily soluble in the glass but the solubility of
Sn02 in pure silicate glass is very small but increases in the presence of alkali oxides.
In samples PK12.5S and PK15S, traces of crystalline Sn02 were observed in some
regions of the samples, suggesting that the solubility (saturation) limit of Sn02 had
been reached. These regions were removed before any measurements were made. The
saturation of Sn02 in the glass is better seen in the plot of the variation of tin oxidation
state with total tin content in Figure 7.2. As the tin oxide content of the glass
increases, SnO and Sn02 increase but, at compositions greater than — 5 mol.% total
tin oxides, Sn02 reached its maximum content of — 3.8 mol.% Sn02 and remains
constant, whereas SnO increases more rapidly with the increase of tin content. At
compositions .6 mol.% SnO, the glass shows traces of the undissolved cassiterite
Sn02. The results showed that ratio of Sn 2+/Sn4+ thus tends to increase with the total
tin content of the glass. Nfin'ko [8] also observed that there is a solubility limit of Sn02
in a glass system similar, in terms of the major constituents, to the float glass studied.
The glass composition studied by Ivfinlo had 15 wt.% Na20 + 10 wt.% CaO +
74 wt.% Si02 + small quantities of MgO and Al203 . For SnO contents
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Figure 7.2: Variation of tin oxidation state with total tin content ( Errors are within the dimension of
the symbol used).
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of . 15 wt.%, the glass melted in reducing conditions always contained undissolved
cassiterite Sn02.
7.3 1 1 9Sn MOSSBAUER SPECTRA
The MOssbauer spectra of tin-doped float glasses taken at 77K are shown in
Figure 7.3. The spectra show that the glasses contain SO + and Sn2+, with the
exception that the lower tin oxide content ( PK2.5S and PK5S ) samples appear to
contain only SO+. Chemical analysis on PK2.5S and PK5S showed that both samples
contain - 0.06 mol.% SnO (Sn2+) but this could not be detected by MOssbauer at
77K.
Table 7.4: The parameters of 119Sn MOssbauer spectra of tin-doped float glasses
Glass
Samples
Tin
oxide
(mol.%)
Temp.
(11K)
Tin
state
Isomer
shift, 6
(i_inms1)
Quad.
splitting, LI
(mms-I)
Linewidth,
I
(mms-1)
Area % Area z2
1.13 Sn4+ -0.201 0.438 0.849 1.00 100
PK2.5S 77 0.584
0.06 Sn2+ - - - - 0
1.32 5n4+ -0.207 0.424 0.882 1.00 100
PK5S 77 0.572
0.07 Sn2+ - - - - 0
2.44 Sn4+ -0.202 0.461 0.910 1.00 68.8
PK7.5S 77 0.671
1.20 Sn2+ 2.874 1.959 0.965 0.454 31.2
3.79 Sn4+ -0.197 0.483 0.935 1.00 70.2
PKI OS 77 0.767
1.47 Sn2+ 2.884 1.955 0.977 0.425 29.8
3.78 Siz4+ -0.197 0.472 0.941 1.00 65.0
PK12.5S 77 0.792
2.22 Sn2+ 2.876 1.962 0.970 0.539 35.0
3.62 Sn4+ -0.198 0.478 0.945 1.00 48.8
PK15S 77 1.04
3.35 Sn2+ 2.871 1.964 1.028 1.051 51.2
Errors in ó, LI and I are 0 005 mm/s
This could indicate that Sn2+ has a lower value of recoil free fraction (f), compared to
SO+ in the glass, and measurement at a temperature lower than 77K is needed in
order to detect such a small quantity of Sn2+ species. The spectra were computer
fitted and Table 7.4 gives the parameters of the spectra.
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Figure 7.3 : Akissbauer spectra of tin-doped float glass taken at 77 K. Samples PK2.5S and PK5S
appear to contain only Sn4+.
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7.3.1 ISOMER SHIFT, QUADRUPOLE SPLITTING AND LINEWIDTH
The isomer shifts are quoted relative to the room-temperature CaSnO3 source,
whose shift is identical to that of Sn02 and BaSnO3 [9]. For reasons given in section
5.7.1 (Chapter 5 ), the isomer shifts will be quoted relative to a-Sn. Table 7.5, now
gives the isomer shifts relative to a-Sn, together with the MOssbauer parameters of
crystalline and amorphous SnO and Sn02.
Table 7.5: Composition and Miksbauer parameters of tin-doped float glasses as compared to
lifôssbauer parameters of SnO and SnO2
 (crystal/me and amorphous).
Sn2+ Sn4+
SnO
(ma!. %)
*Isomer
Shift, 15
(mm/s)
Quad.
Splitting,
z1(mm/s)
Linewidth,
I (mm/s)
Sn02
(mot %)
*Isomer
Shift, 6
(mm/s)
Quad.
Splitting„
A(mm/s)
Linewidth
I (mm/s)
0.8490.06 - - - 1.13 -2.216 0.438
0.07 - - - 1.32 -2.222 0.424 0.882
1.20 0.859 1.959 0.965 2.44 -2.217 0.461 0.910
1.47 0.869 1.955 0.977 3.79 -2.212 0.483 0.935
2.22 0.861 1.962 0.970 3.78 -2.212 0.472 0.941
3.35 0.856 1.964 1.028 3.62 -2.213 0.478 0.945
SnO	 +
(crystalline)
++
0.67
+
1.36
+
0.917
Sn02
(crystalline)
++
-2.10
+
0.45
+
0.965
SnO	 +
(amorphous) 0.857 1.71 1.23
SnO 2	 +
(amorphous) -1.886 0.702 1.041
Errors in ó, dand I are 0.005 mm/s.
* Relative to a-Sn whose chemical shift from a CaSnO3 source is 2.015 rnm/s
+ Taken from reference [10] and ++ from reference [11].
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7.3.1.1 THE ISOMER SHIFT AND QUADRUPOLE SPLITTING OF Sn2+
Figure 7.4 shows the variation of the isomer shift and quadrupole splitting of
Sn2+ with tin content as compared to crystalline and amorphous SnO. The isomer shift
and quadrupole splitting values for the Sn2+ state are larger than those for crystalline
tetragonal SnO but are very close to those for amorphous SnO and do not vary very
much over the range of SnO contents. This means that the Sn2+ environment in the
glass is the same as in amorphous SnO. Compared to the binary SnO-Si02 glasses, the
isomer shift and quadrupole splitting values are lower in these glasses. The larger
values of the isomer shift compared to crystalline SnO reflects the fact that there is a
larger s electron density at the tin nucleus and thus an increase in the ionic character of
Sn2+ ( i.e charge separation in the Sn-0 bonds ). The crystal structure of SnO is
tetragonal and Sn2+ sits at the top of a square pyramid of oxygens ( see Figure 2.11).
Here the major contribution to the electric field gradient arises from the unbalanced p
electron population. The larger value of the quadrupole splitting as compared to SnO,
could mean that there is an increase in the difference between the the p-electron
population in the z direction and the population in the x-y plane. Therefore there is an
axial elongation of the Sn2+ pyramid and longer Sn-O bond length in the glasses.
7.3.1.2 THE ISOMER SHIFT AND QUADRUPOLE SPLITTING OF SO+
Figure 7.5 shows the variation of the isomer shift and quadrupole splitting of
SO+ with tin content as compared to crystalline and amorphous Sn02. There is very
little change in the values of isomer shift and quadrupole splitting of Sn 4+ within this
range of Sn02 contents. The average value of the isomer shift is -2.215 nun/s as
compared to -2.10 mm/s for crystalline Sn02 and -1.886 nun/s for amorphous Sn02.
This suggests that there is a small decrease in the s electron density at the tin nucleus in
the glass. As for the quadrupole splitting, the average value for the glass is 0.46 nun/s,
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Figure 7.4: Variation of isomer shift and quadrupole splitting of Sn2+ in tin-doped float glasses, as
a function of SnO content, compared to the isomer shift and quadrupole splitting of Sn2+ in
crystalline and amorphous SnO . The shifts are relative to a-tin. ( Errors are within the dimension of
the symbol used).
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Figure 7.5: Variation of isomer shift and quadrupole splitting of Sn4+ in tin-doped float glasses, as
a function of Sn02 content, compared to the isomer shift and quadrupole splitting of Sn4± in
crystalline and amorphous SnO 2 . The shifts are relative to a-tin. ( Errors are within the dimension
of the symbol used).
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which is close to the 0.45 rrunis for crystalline Sn02
 but very different from the
0.702 minis for amorphous Sn02. Crystalline Sn02 is of the rutile type ( Figure 2.10).
The SO+
 is situated in a distorted octahedron of oxygens, with all Sn-O distances
equal in the basal plane, but the 0-Sn-0 angles are not 900
 but 78° and 102°
respectively [12]. Therefore the SO +
 environment is approximately symmetric and the
electronic density close to the tin nucleus is fairly spherical. According to Collins et al
[10] the SO+
 environment in amorphous Sn02 is distorted when compared to its
crystalline form. In the glass the SO + environment must be little different from
crystalline Sn02. This is compatible with the limited solubility of Sn02 in silicate glass.
7.3.1.3 LINEWIDTH
The Sn2+ site in the glass exhibits narrow lines and an average broadening of
rglass—Fcrystalline 0.03 ±0.01
A
whereas the SO+ site exhibits a similar linewidth to crystalline Sn02. This suggests a
narrow distribution of electric field gradients for both sites. In amorphous SnO and
Sn02, the broadening found by Collins et al [10] is the same for both sites having a
value of 0.16. Therefore anisotropy of the electric field gradient in this glass is smaller
than in the corresponding amorphous oxides.
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7.4 VARIABLE TEMPERATURE MOSSBAUER SPECTRA
The last sections have shown that Sn2+ and SO+ play different structural roles
in the tin-doped float glass. Accordingly both must have different Debye-Waller
factors or recoiless free fractions ( f ). As seen in Section 3.2.1.2 the f factor is a
temperature-dependent function of the nuclear recoil energy. The recoil energy is
inversely proportional to the effective mass of the recoiling nucleus. In a solid, the
motion of the nucleus is strongly coupled to its atom or ion in the lattice. A strongly
coupled nucleus must have a larger effective mass. Thus the effective mass depends on
the tightness of the binding of the solid lattice. Furthermore the intensity of absorption
of a nucleus observed in a Môssbauer spectrum is proportional to the f factor [13].
Therefore the study of the spectrum intensity ( f factor ) as a function of temperature
can yield information on the tightness of the chemical binding of Sn2+
 and SO+ in the
glass.
7.4.1 MEASUREMENT OF THE f FACTOR
A series of spectra was taken between 17.5K and 900K on sample PK15S.
This sample was chosen because it has the maximum amount of tin oxide and the
relative amounts of Sn2+ and SO+ ( determined by chemical analysis ) in the glass are
about the same. Figure 7.6 shows the Miissbauer spectra of PK15S as a function of
temperature. A noticeable feature of the spectra is the strong dependence of the
absorption intensity ( i.e the f factor ) upon temperature, especially for Sn2+. At 900K
the Sn2+ doublet has practically disappeared. Table 7.6 gives the Môssbauer
parameters of PK15S at temperatures between 17.5K and 900K.
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Figure 7.6: MOssbauer spectra of glass PK15S as a function of temperature. At 900K the Sn2+
doublet has practically disappeared.
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From the spectrum, the area A of the Sn 2+ and SO+
 contributions to the
spectrum at each temperature were measured. Section 5.8.1 ( Chapter 5 ) has shown
that the area A under any one peak is proportional to the f factor. Thus, following
Section 5.8.1, the Debye temperature ( OD ) of Sn2+ and SO+ can be calculated from
equation 5.3,
6ER
O D - 1  icm
where m is the slope of graph InA versus T and ER = 2.572 X 10-3 eV is the recoil
energy of the y-ray for 119Sn. Hence when OD is known, the recoil free fraction , f, at
a given temperature can be calculated from equations given in chapter 3 i.e equation
OD3.26 for T « OD, equation 3.27 for T = 0 and equation 3.28 for T>	 . The relative
concentration of Sn2+ and SO+ can be found from the intercepts In Ao and in Ao2+	 4+
on the lnA axis, since
A°
C2+ =: 2+
C4+ A°
4+
5.3
2
7.1
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Table 7.6: illeissbauer parameters of PKI5S at temperatures between 17.5K and 900K
Sn2+ SO+
T / K 6
mm/s
4
nun/s
I
mm/s
Relative
area
6
mm/s
LI
mm/s
I
minis
Relative
area
14.2 0.856 1.950 1.020 1.232 -2.204 0.508 0.941 1.00
52.4 0.855 1.947 0.995 1.171 -2.205 0.508 0.925 1.00
101.5 0.845 1.941 0.977 1.053 -2.212 0.508 0.906 1.00
128.7 0.838 1.936 0.961 0.988 -2.216 0.504 0.896 1.00 
152.9 0.833 1.929 0.963 0.928 -2.220 0.500 0.898 1.00
177.2 0.827 1.932 0.958 0.876 -2.226 0.492 0.894 1. 00
205.7 0.819 1.926 0.951 0.823 -2.234 0.491 0.878	 1 1.00
228.4 0.815 1.924 0.942 0.770 -2.238	 i 0.489 0.873 1.00
255.2 0.812 1.913 0.939 0.716 -2.244 0.485 0.875
,
1.00
281.1 0.802 1.907 0.934 0.664 -2.248 0.484 0.868 1.00
298 0.802 1.909 1.053 0.618 -2.255 0.505 0.935 1.00
298.5 0.801 1.896 0.943 0.628 -2.255 0.484 0.886 1.00
298.8 0.799 1.908 0.917 0.632 -2.256 0.476 0.854 1.00
306.7 0.794 1.906 0.907 0.618 -2.256 0.476 0.847 1.00
345 0.792 1.905 1.053 0.561 -2.265 0.504 0.938 1.00
395 0.787 1.887 1.172 0.496 -2.276 0.513 0.993 1.00
495 0.764 1.861 1.135 0.376 -2.301 0.516 0.973 1.00
595 0.753 1.858 1.049 0.288 -2.327 0.490 0.911 1.00
695 0.706 1.838 1.022 0.217 -2.352 0.463 0.871 1.00
795 0.672 1.835 1.719 0.149 -2.387 0.626 1.107 1.00
845 0.652 2.021 2.202 0.128 -2.408 0.622 1.115 1.00
Errors in 5, 4 and I are 1 0.005 mm/s.
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7.4.1.1 DEBYE TEMPERATURE
The isomer shift and quadrupole splitting are better measures of the nearest
neighbour distortion and the Debye temperature reflects rather the bulk properties of
the glass. The Debye temperatures of Sn 2+ and SO+ for the tin-doped glass as
compared to crystalline and amorphous SnO and Sn02 , are given in Table 7.7.
Table 7.7: Debye temperatures of Sn 2+ and Sn4+ in tin-doped float glass and
corresponding tin oxides.
Compound Debye temperature ( K )
Sn2+ tin doped float 206 ± 4
Sn4+ tin doped float 364 ± 8
+SnO amorphous 181 ± 2
+SnO crystalline 203 ± 1
+SnO , amorphous 243 ± 3
+SnO, crystalline 313 ± 6
+ Taken from reference [10] .
The Debye temperature of Sn 2+ for the glass is higher than for amorphous SnO,
having a value very close to crystalline SnO. For SO+ the Debye temperature is higher
than in either the amorphous or crystalline Sn02. The results imply that both Sn 2+ and
SO+ are more tightly bound in the glass than in their crystalline forms. According to
Nishida et al [14] the value of O D could indicate the site of the tin species in the glass.
When OD is higher than 270 K, the tin ion is covalently bonded to oxygen at network
former ( NWF ) sites. Conversely, a lower value indicates that it is ionically and
loosely bonded to oxygen at network modifier ( NWM ) sites. Based on this, the
nature of the Sn(2-9-0 bonding in the glass is mostly ionic and occupying NWM
sites, whereas Snit+ is covalently bonded to oxygen at NWF sites.
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7.4.1.2 RECOIL FREE FRACTION OF Sn 2+ and SO+.
The recoil free fractions for both Sn2+ and SO+
 , between 14.2K and 900K
are given in Table 7.8.
Table 7.8: The j factors of Sn2+
 and Sn4+
 in tin-doped float glass
,
Temperature (11 K) j (Sn2+ ) j (Sn4+ )
14.2 0.799 1 0.004 0.883 1 0.003
50 0.739 1 0.007 0.871 1 0.003
100 0.656 1 0.009 0.858 1 0.006
150 0.531 1 0. 012 0.816 1 0.009
200 0.429 1 0.012 0.763 1 0.009
250 0.348 1 0.013 0.713 1 0.011
300 0.282 1 0.012 0.667 1 0.012
350 0.228 1 0.011 0.623 1 0.013
400 0.185 1 0.011 0.582 1 0.015
450 0.149 1 0.011 0.544 1 0.015
500 0.121 1 0.011 0.509 1 0.015
550 0.098 1 0.008 0.476 1 0.016
600 0.079 1 0.007 0.444 1 0.016
650 0.064 1 0.006 0.415 1 0.017
700 0.052 1 0.005 0.388 1 0.017
750 0.042 1 0.004 0.363 1 0.016
800 0.0341 0.004 . 0.339 1 0.017
850 0.028 1 0.003 0.317 1 0.017
900 0.022 1 0.003 0.2961 0.016
Figure 7.7 shows a plot of the f factors of Sn2+ and SO+ as a function of temperature
between 14.2K and 900K. The decrease of f factor with increase of temperature for
Sn2+
 is very much faster than for Sn4÷. The decrease in the f factors for Sn2+ and
SO+ are -100 x 104K- 1 and 7.9 x 10410 respectively. This shows that SO+ is
more tightly bound in the network than Sn2÷. Extrapolation to 0 K gives the
experimental values of the f factor of Sn2+ and SO+ at zero-point motion. These
values are compared to the theoretical values calculated using the Debye model
( equation 3.26 ) in Table 7.9.
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TEMPERATURE ( K )
Figure 7.7: Variation of the /factors of Sn 2+ and Sn4+ in tin-doped float glass as a function of
temperature between 14.2K and 900K.
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Table 7.9: The Ifactor at absolute 0 K
Recoil free
fraction at
zero Kelvin
Experimental Theoretical
j - Sn2+ 0.819 i 0.004 0.805.t0,004
j - Sn4+ 0.889 .1 0.002 0.884 i 0.003
As pointed out in Section 5.8.1 ( Chapter 5 ), the temperature dependence of
the f factor could be used to determine the coordination of an atom in a material.
Thus, according to Kurkjian [15], Parish [9] and Mitrofanov & Sidorov [16]; the ratio
of the f factor at liquid-nitrogen temperature and at room temperatures
( R f77/ 1300) can determine the coordination of an atom by comparison with the
known value of R of an established crystalline compound. Accordingly, for silicate
glasses [16], R 1.3 when SO+
 is coordinated to 6 oxygens whereas R 2.5 when
Sn2+
 is coordinated to 4 oxygen. Using this as a yardstick, Sn 2+
 in the glass is
coordinated by 4 oxygens and SO+
 coordinated to 6 oxygen. This summarized in
Table 7.10 below.
Table 7.10 The R = f 77/ f 300factor
Compound R Coordination
number of Sn
Known or proposed
structure
*SnO 2.3 4 ionic + covalent
**SnO2 1.25 6 covalent
SnO in tin doped
float glass
2.34 4 ionic + covalent
Sn02 in tin doped
float glass
1.28 6 polymeric covalent
* Taken from reference [17] . **Taken from reference [16].
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The relative percentage of tin oxidation states in the glass is found using
equation 7.1. Table 7.11 gives the percentage of Sn 2+
 obtained both by chemical and
Mêssbauer techniques. With the exception of very low tin contents, both techniques
agree within about 3%.
Table 7.11 : Composition of tin oxidation states in tin-doped float glass
Samples PKO PK2.5S PK5S PK7.5S PK1OS PK12.5S PK15S
Total tin oxide
0 1.19 1.39 3.64 5.26 6.00 6.97SnO+SnO 7 (mol.%) _
% Sn2+ tin of total tin
( chemical) 0 5 5 33 28 37 48
% Sn2+ tin of total tin
(111eissbatier) 0 0 0 31.2 29.8 35.0 51.3
7.5 VISCOSITY MEASUREMENT
The viscosities of the glass samples were measured between 550°C and 800°C
which gave a viscosity range from 10 7 to 10 12 Pa s with ± 1.5% error in the value of
log 10 i. Figure 7.8 shows a graph of log 10 11 versus the reciprocal of absolute
temperature ( 1/T ). For each glass, a straight line can be fitted with the general
equation
logio = 	 + A
2.3RT
The slope of the line gives the activation energy of viscous flow En in the temperature
range 550°C to 800°C. Table 7.12 gives the values of En as compared to the typical
values of soda-lime-silica glass at low and high temperatures.
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Figure 7.8 : Log jog versus reciprocal temperature of tin-doped float glasses, fitted by a 1st order
polynomial.
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Table 7.12: Activation energy of viscous flow of tin-doped float glass ( 550 C- 800 c C)
Samples Total tin (mot%) Mot% SnO 2 / Mot% SnO E 72 ( KJ/ mole )
PKO 0 0 394.4 ±37.9
PK2.5S 1.19 18.83 411.6 137.0
PK5S 1.39 18.86 447.9 1 36.5
PK7.5S 3.64 2.03 455.6±36.2
PK1OS 5.26 2.58 482.4 1 48.2
PK12.5S 6.00 1.70 530.3 ±54.6
PK15S 6.97 1.08 403.9 ±26.9
*	 Typical	 value for	 soda-lime-silica	 glass	 at	 low
temperature ( 500`-700`C )
420
*Typical	 value	 for	 soda-lime-silica	 glass	 at	 high
_temperature ( 800 C- 1500`C)
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*Taken from reference [18].
Figure 7.9 shows how En increases with tin content. The trend observed needs to be
considered in the context of the oxidation states of the tin species present. Up to
—5 mol.% tin oxide, the dominant oxidation state is SO+ and this would be expected
to strengthen the glass network. Beyond —5 mol.% tin oxide, the fraction of the Sn2+
species increases such that the ratio of the oxidation states is approximately 1 at 6.97
mol.% tin content. The Sn2+ species has been shown, by Miissbauer to be less tightly
bonded ( Sn-O bonds more ionic in glass ) to the network, and does not give the same
rigid, 3D bonding as SO+ species. Thus the increase in relative amount of Sn2+
species weakens the glass network, hence the lowering of En.
In an attempt to understand more of the viscosity - composition - relationship
of the glass; plots of logri versus reciprocal of absolute temperature (1/T ) were fitted
to a 2nd order polynomial equation of the form
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Figure 7.9: Activation energy for viscous flow (Eli versus tin content.
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log10 A + -B + C
T T2
For all the samples, better fits were obtained. The parameters of the equations are
presented in Table 7.13.
B C
Table 7.13: Parameters of the equation log10 1 = A +- +- for the viscosity of tin-doped float
T T2
glasses, valid for temperature range between 500' to 850`C.
Samples Total tin B
(mol.%) ilia% SnO2 /Mal% SnO A X 101 (K-1) X 107C( K."2 )
PKO 0 0 4.31 -1.19 1.44
PK2.5S 1.19 18.83 10.9 -2.52 2.16
PK5S 1.39 18.86 15.4 -3.51 2.73
PK7.5S 3.64 2.03 25.5 -5.42 3.65
PKIOS 5.26 2.58 18.5 -4.24 3.20
PKI 2.5S 6.00 1.70 44.8 -9.42 5.74
_PK15S 6.97 1.08 14.6 -3.13 _	 2.43
The equations of fitting were used to calculate log 10 ri for each sample in the
temperature range between 500°C to 850°C. The results are presented in the graph
shown in Figure 7.10. The graph shows that the annealing and softening temperatures
of the glass increase with tin contents, reaching the maximum value of 596°C and
827°C respectively, before decreasing at the tin content with oxidation ratio
( Mol.% Sn02 / Mol.% SnO ) of approximately 1. The annealing and softening
temperatures of the glasses are shown in Table 7.14.
7.3
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Figure 7.10: I izriation of Logi() ;I versus temperature for undoped and tin-doped float glasses. The
annealing and softening points correspond to Logjoqvalues of 12.4 and 6.6 respectively.
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Table 7.14: Annealing and softening temperatures determined by viscosity measurements of
tin-doped float glasses compared to some soda-lime-silica glasses
Samples Total tin
(mol.%)
Mol.% SnO 2 /
Mol.% SnO
Annealing
temp. _i5 LC
( log ii= 12.4)
Softening
temp. i.5 V
flog 77= 6.6)
PKO 0 0 515 740
PK2.55 1.19 18.83 544 770
PK5S 1.39 18.86 565 788
PK7.5S 3.64 2.03 574 808
PK1 OS 5.26 2.58 588 812
PKI2.5S 6.00 1.70 596 827
PK15S 6,97 1.08 551 795
*Soda-lime-silica sheet glass 548 730
*Soda-lime-silica plate glass 553 735
*Soda-lime-silica container glass 548 730
*Soda-lime-silica bulb glass 510 696
*Taken from reference [19]
7.6 SOME OTHER PHYSICAL. PROPERTIES OF TIN-DOPED FLOAT
GLASSES.
Apart from viscosity, the other physical properties studied were thermal
expansion, density, refractive index and microhardness. These properties are
summarised in Table 7.15.
Table 7.15: Coefficient of linear thermal expansion (a), transition temperature ( Tg ), dilatometric
softening temperature ( Mg ), density, refractive index (1D) and Knoop microhardness ( Hk ) of
tin-doped float glasses
Samples Total tin
(ma%)
Mol.% Sn0 2
/ Mol.% SnO
ail.5
( 1(1 7K-1)
[30c-550'C]
Tg
5 `C
Mg 1
5 CC
Density
( g/cm3)
roD
2=589.6nm
Hic-1-27
( 50g/30s )
PKO 0 0 89.7 535 590 2.494 1.5175 456
PK2.5S 1.19 18.83 89.1 555 600 2.540 1.5233 523
PK5S 1.39 18.86 86.2 575 610 2.554 1.5239 589
PK7.5S 3.64 2.03 83.2 580 620 2.623 1.5374 626
PK1OS 5.26 2.58 79.3 595 645 2.707 1.5442 661
PK12.5S 6.00 1.70 78.6 590 635 2.705 1.5488 689
PK15S 697 1.08 77.2 570 625 2.704 1.5536 594
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7.6.1 THERMAL EXPANSION
The thermal expansion coefficients for the glasses as a function of tin content
are shown in Figure 7.11. Values of the glass transition temperature Tg and the
dilatometric softening point Mg were also obtained from the thermal expansion curves
and these values are depicted in Figure 7.12 as a function of tin content. The decrease
in the thermal expansion coefficient and the increase in Tg with increasing tin content
reflect the network/intermediate characteristics of both tin oxidation states. Hence, the
thermal properties of the glasses improved with added tin.
7.6.2 DENSITY
Figure 7.13 shows the variation in the density of the glasses with increasing tin
content. This seems to increase in a near linear fashion until the tin content exceeds
—5 mol.%, after which, the density appears to remain constant. Since this is the point
beyond which SO+ remains constant and Sn2+ increases, it indicates that the
structural roles of each ion are very different.
7.6.3 REFRACTIVE INDEX
Figure 7.14 shows that the refractive index increases linearly with tin content,
irrespective of the relative amounts of tin oxidation states. This suggests that Sn 2+ and
SO+ have similar molar volumes and polarisabilities or that differences in one are
compensated by changes in the opposite sense of the other as the relative amounts of
the oxidation states vary. Generally the effect of tin is to improve the glass optical
property.
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7.6.4 KNOOP HARDNESS
Figure 715 shows the variation of Knoop hardness as a function of tin content.
This property shows almost exactly the same behaviour as the activation energy for
viscous flow, El . The microhardness of the glass increases with increase of tin
content, reaching a maximum value at 6 mol % tin oxide. Beyond 6 tnol.%, when the
SO+ species began to saturate and Sn 2+ species increases to about the same amount
of SO+, the hardness decreases a little but its value is still very much greater than the
float glass with 0 mol.% tin oxide. This suggests that the effect of Sn 2+ on the
hardness of the glass is to soften the glass whereas the effect of SO + species harden
the glass.
7.7 CONCLUSIONS
Float glass is a complex material in terms of composition; and the small amount
of tin that diffuses into the surface through the process of production can be
detrimental to the quality of the glass. We have demonstrated that, by remelting the
float glass with tin(II) oxalate under ordinary conditions; we can mimic, in terms of tin
content, the tin oxide distribution found along the tin diffusion region of float glass.
Synthesis of the glass has shown that both Sn2÷ and SO+ can be assimilated
simultaneously in the glass but there is a solubility limit for SO+.
We have shown that the MOssbauer effect is a valuable tool in studying the
structural roles of tin in tin-doped float glass. The isomer shift and quadrupole splitting
gave a measure of the nearest neighbour distortion of Sn 2+ and SO+ ions and the
Debye temperature and the recoil free fraction reflect the bulk properties of both ions
in the glass. The environment of Sn 2+ in the glass is similar to that in amorphous SnO,
in which there is an axial elongation of the Sn—O bond length as compared to its
crystalline form. This reflects a greater ionic character of the bond. The structure of
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Figure 7.11 .: Coefficient of linear thermal expansion versus tin content of tin-doped float glasses.
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Figure 7.14: Refractive index as a function of tin content of tin-doped float glasses. ( Errors are
within the dimension of the symbol used).
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SO+ in the glass does not change very much compared to crystalline Sn02. The
Debye temperature and the recoil free fraction show that Sn2+ is less rigidly bound to
the network modifier sites while SO + is rigidly bound at network former sites in the
glass. Thus the two oxidation states will have different effects on the properties of the
glass.
The thermal expansion and refractive index vary approximately linearly with
total tin content while the activation energy of viscous flow, density and rnicrohardness
shows a discontinuity at tin contents above — 5 mol.%. This is the point at which SO+
content remains constant ( saturation has probably occurred ) and Sn2+ increases
rapidly. These observations reflect several factors:
• Properties which reflect only the strength of the bonding are unaffected by the
oxidation state, suggesting that the bond strengths are about similar for both
oxidation states.
• Properties which depend also on the rigidity of bonding are affected by oxidation
state suggesting that the local bonding symmetries of Sn2+ and SO+ are different.
This is not unexpected. The Massbauer results have shown that SO+ is rigidly
bonded octahedrally into the network site, while Sn2+ adopts a local symmetry
similar to that in crystalline SnO but with a slight distortion, i.e. it has a square
pyramidal arrangement of 4 oxygens to one side and a lone-pair of electrons to the
other. This arrangement may increase the deformabifity of the network which is of
particular importance in viscous flaw.
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Chapter 8 - Conclusions and Future Work
The study of tin oxides in silicate based glasses was motivated by the desire to
understand the structural roles of tin in simple binary SnO-Si02 and in tin-doped float
glasses. As tin can exists in both its oxidation states of Sn 2+ and SO+ in both glasses,
its synthesis and analysis poses many problems. Nevertheless, this work demonstrates
for the first time that application of 29Si NMR and 119Sn MOssbauer spectroscopies
to the study of the structure of binary SnO-Si02 glasses can prove fruitful. Both
techniques complement each other in the effort to understand the role of tin in these
glasses. For tin-doped float glass 119Sn Mossbauer spectroscopy provided much
information on the difference of the structural role of Sn2+ and Sn4+ in the glass.
These techniques have been coupled with other physical measurements on the glasses
which provide indirect evidence on structure. This chapter provides an overview of the
preceding chapters and presents a proposal for future work.
8.1 SnO-Si02 GLASS SYSTEM
The making of a SnO-Si02 glass is complicated by the disproportionation of
SnO to Sn02 and Sn metal. The presence of Sn02 and Sn metal together with SnO in
the glass make it impossible to pour the melt into any required shape and also
impossible to control the final composition of the glass. Although this is the case,
glasses in this system have been made up a maximum of 70 mol.% SnO. Glass with
less than 20 mol.% SnO could not be made successfully because of the required high
melting temperature (1600°C ) that increased dissolution of Al 203
 from the alumina
crucibles and increased the viscosity of the melt. Silica crucibles are only suitable for
low temperature melting ( < 1300°C) and platinum crucibles are not suitable because
of the tendency of Sn metal to attack the crucibles. At high SnO contents where the
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melting temperatures are comparatively low, Al 203 contamination was minimised by
melting the charge in pellet form and melting for the minimum time. Thus, the two
main problems of making this glass are the disproportionation of SnO and the limited
choice of suitable crucibles.
The ability of glass to form with high SnO contents in this system could be
explained in terms of the polarizing power of Sn 2+ and the structure of SnO. This
glass was compared to the Pb0-Si02 system which can form glass past the
orthosilicate composition and Na20-Si02
 system which cannot form glass past the
metasilicate composition. The polarizing power of Sn2+ is slightly higher than Pb2+
and very much higher than Na±. This indicates that the Sn—O bonds are more
covalent and directional than Na-0 bonds, thus the kinetic stability of the glass is
enhanced because it is more difficult to rearrange SiO4 groups linked together via
strong, directed Sn-0 bonds. In terms of structure, the deformability of the [SnII04]
polyhedron, indicated by the Mässbauer f factor, makes it easy to accomodate in the
holes of the structural network of the glass.
The 29Si MAS NMR results have shown that SnO does not depolymerise the
silicate network to the same extent as Na20 or even Pb0. Computer simulations
showed that, for SnO contents below —30 mol.%, the disposition of Q n species is
consistent with the binary model, which means SnO acts like traditional modifier. For
compositions greater than 30 mol.% SnO, the Qn distribution follows the statistical
model which is compatible with the concept of Zachariasen's random network theory.
This also implies that SnO is acting as an intermediate oxide at high SnO content in the
glass. At these high SnO contents, Sn2+ becomes bonded to non-bridging oxygens
through the formation of Si—O—Sn linkages that restore the 3D nature of the glass
structure. The 1195n NMR did not give much structural information due to the high
chemical shift anisotropy of Sn2+ sites, but it showed that the glass also contains
negligible amounts of SO+
 species. The 119Sn MOssbauer results showed that the
decrease in isomer shift with increase of SnO is indicative of the increasing covalent
character of the Sn-0 bonds. The larger quadrupole splitting indicates the greater
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distortion of the SnO polyhedral structure in the glass. A maximum in the isomer shift
at –30 mol.% SnO has been suggested as the point where the SnO changes its role
from modifier to an intermediate. The relation between the isomer shift and the
quadrupole splitting shows that Sn2+ lone pair has a significant p, character. The
results of the temperature dependent Môssbauer spectra of the glass showed that the
increase of electron density in the p orbital is not solely attributed to changes to the
molar volume alone. Other factors such as the change of hybridization due to the
formation of Si—O—Sn linkages, could also contribute.
The viscosity measurement results showed that the decrease in the viscosity of
the glass with increasing SnO is not as large as that obtained with alkali metal and
alkaline-earth metal oxides. Judging from the fact that stannous silicate glasses can be
formed past the orthosilicate composition, one can envisage that SnO has the
characteristic of an intermediate or conditional network former at higher
concentrations of the oxide. The effect on some of the physical properties studied at
low SnO concentration seems to follow the behavior of a modifier but at SnO contents
around 30-40 mol% there is a discontinuity in the variation of the physical properties
which may relate to a change in the structural role of SnO by which the network is
strengthened again. This is supported by 29S1 NMR and 119Sn Mbssbauer studies of
these glasses.
8.2 DEVITRIFICATION OF SnO-Si02 GLASSES
SnO-Si02 glasses with  40 mol.% SnO could be heat treated in the
temperature range 570°C to 680°C to produce a metastable crystalline phase called
stannous metasilicate ( SnSiO3 ). At temperatures around 700°C this phase
decomposed to SnO + Si02. At temperatures greater than 720°C oxidation of
SnO + Si02 to Sn02 and Si02 ( cristobalite ) took place. Thus the effect of heat
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treating these glasses is to induce crystallization, then decomposition and finally
oxidation. It was also found that the decomposition and oxidation events overlapped
and because of this overlapping, it was difficult to get a pure phase of SnSiO3 crystal.
Heat treatment in argon shows greater promise but, due to lack of glass the study of
the SnSiO3
 crystal phase was limited.
8.3 TIN-DOPED FLOAT GLASS
Float glass is a complex material in terms of composition; and the small amount
of tin that diffuses into the surface through the process of production can be
detrimental to the quality of the glass. Synthesis of the tin-doped float glass has shown
that both Sn2+ and SO+ can be assimilated simultaneously in the glass but there is a
solubility limit for SO+.
This study has shown that the MOssbauer effect is a valuable tool in studying
the structural roles of tin in tin-doped float glass. The isomer shift and quadrupole
splitting gave a measure of the nearest neighbour distortion of Sn2+ and SO+ ions
whereas the Debye temperature and the recoil free fraction reflect the bulk properties
of both ions in the glass. The environment of Sn 2+ in the glass is similar to that in
amorphous SnO, in which there is an axial elongation of the Sn—O bond length as
compared to its crystalline form. This reflects a greater ionic character of the bond.
The structure of SO+ in the glass does not change very much compared to crystalline
Sn02 . The Debye temperature and the recoil free fraction show that Sn 2+ is less
rigidly bound to the network modifier sites while SO + is rigidly bound at network
former sites in the glass. Thus the two oxidation states will have different effects on
the properties of the glass.
The thermal expansion and refractive index vary approximately linearly with
total tin content while the activation energy of viscous flow, density and microhardness
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show discontinuity at tin contents above — 5 mol.%. This is the point at which the
SO+
 content remains constant ( saturation has probably occurred ) and Sn2+
increases rapidly. These observations reflect the following factors:
(1) Properties which reflect only the strength of the bonding are unaffected by the
oxidation state, suggesting that the Sn--0 bond strengths are similar for both
oxidation states.
(2) Properties which depend on the rigidity of bonding are affected by oxidation state.
This suggests that the local symmetries of Sn2+ and SO+ are different.
The MOssbauer results have shown that SO + is rigidly bonded octahedrally
into the network site while Sn2+
 is less rigidly bonded and structurally more
deformable. The deformability of the [ Sn II04 ] unit may help to explain its tolerance
in silicates glasses to high concentrations. The resistance of the [ Sn IVO6 ] unit to
deformation renders it unsuited to high concentration in the random structure of a
glass.
8.4 SUGGESTIONS FOR FUTURE WORK
To find more evidence to support the conclusions of this work, it is pertinent to
extend the study in the following ways,
• Since it is very difficult to make the SnO-Si02 glass with low tin content, ways
should be explored to make the glass by routes other than melting. Although the
sol-gel route has been tried once unsuccessfully, further attempts should be made.
• The study of the binary SnO-Si02 glass by 1195n NMR is hampered by the high
chemical shift anisotropy of Sn 2+
 site in the glass but the relaxation time of Sn
could be measured since the chemical shift anisotropy is not critical in this
measurement.
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• Other techniques such as XPS should be employed in the study of the SnO-Si02
glass, since this technique can provide information on the number of bridging and
non-bridging oxygens in the glass.
• Neutron diffraction experiment could also be employed on the study of the
structure of SnO-Si02 glasses.
• Other physical properties measurements such as dielectric measurement and heat
capacity measurement at high and low temperature could probably provide more
information as to the role of Sn2+ in the binary SnO-Si02 glass.
• The study of the devitrification of SnO-Si02 glasses should continued in order to
understand the SnSiO3 crystal phase that can be grown from this glass. Structure
determination of SnSiO 3
 will give further insight into the local environments of Sn
and Si in the glasses.
• The devitrification of tin-doped float glass should be attempted to see if tin in the
glass could behave as a nucleating agent to turn the glass to glass ceramic.
• The study should also be extended to new ternary systems such as
Na20-SnO-Si02 and CaO-SnO-Si02. These systems should provide an interesting
contrast as to the role of tin since Na20 and CaO are known modifiers in silicate
glasses. The conditions for increased solubility of SO + could also be mapped.
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